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2 Introduction

1.1 Label-free Biosensors forCellbasedAssays

FollowinglUPAC, a biosensois defined as

a selfcontained integrated device, which is capable of providing dpeci
guantitative or semiquantitative analytical information using a biological
recognitionelement (biochemical receptor) which is retaineddinect spatial
contact with a physicohemical transduction elemerit!

The biological recognition unit iniksensors can be represented by enzymes, antibodies/ antigens,
nucleic acids, DNA strands, cell orgaesllor particles, micrarganisms, whole eukaryotic cells, or
tissues. The setup of a celbased biosensor device is illustrated on the right hand sideig.1z1. Itis
composed otwo majorcomponents (1)an immobilized biological receptor unitells), whictsensitively
andselectively reports oithe presence o&n analyte or stimulug a concentratiordependent manner

by the change of a physicochemical quantégpd (2) a trasducer unit in close proximity to the biological
recognition unit, which translates the physicochemical change of the recognition event into an electrical
signal. Further components are the electrosifor thedetection of this signal and control and signal
output unit for controlling the trasducer readoutand further conversion, data processingnalysis,
storage and visualization of the signataeasured

With respect to celllar biosensing one has to distinguish étween biosensorghat are based on
adherent/immobilized whole cells as the biological recognition uoit monitoringthe cellular response

to an externally applied analyte/ stimulus, and biosensors that utilize immobilized functiyotdins or
other structures on the sensor surface for the specific detection of cells as the analyte in a sample. In this
thesisthe term celtbased biosensor (CBB®) usedonly for the former Moreover, cellbased assays
(CBASs) are classified labetbasedand labelree approaches. Whereas the former require additional
reporting compoundsfor detecting cellular responses, provided bgdio-, enzyme, fluorescence or
chromophoric labeling or overexpression of reporter proteitfse latter does not.Label-free CBAs
exhibit several advantages over conventiorlabelbasedcellular assayskirst, hbelfree approaches
redundantize acostly and time consuming labeling step or genetic engineerikgreover,there is no
additional component introduced or gemated in sity which potentially interferes with the native
cellular systemunder study Labelbased assays are typically endpoint approaches where the experiment
is terminated at a predefined poinand where cells are commonly sacrificed for analysisc@yrast,
labelfree sensor technologie$or living cellghemselves are characterized by their nimvasiveness of
measurements. This allows an unrestricted and continuous monitoaind analysiof CBAsover any
desired period ofime. However, labebased methods are advantageous in other fields, fikeintstance

for identifying and analyzing of specific biomolecular interactions or in the throughput of CBAs.
Therefore,labelfree andlabelbasedCBAsare considered rather as complementing than as gating
approaches

Labelfree CBBtechnologiesgained an increasing interest over the pasto decades asthey are
considered as a promising tool in various researeli$i, such as drug discovery, toxand pathogen
testing, clinical diagnosticsenvironrmental monitoring, and biosecuritjust to name a few?® Sensors
based on cell cultures act as a bridging technology between the classieaing ofbiomolecular
recognitiory interactionand animal tests. Though cdblasedbiosensors canot mimic the total response
of a whole organism towards a stimulus, thegopide a native biological environment on a small scale
(the cellular leveljhat mirrors the reabhysiologicalsituation much better than isolated biomolecules.
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Cells represent the smallestelf-sustainingliving entity. Inin vitro cell cultures the bas biological
processesat the cellular level (likespreading, proliferation, barrier formation, migration, gene
expression, signaling, apoptosis, etare similar to the processés viva Hence they are in many cases
a representativdunctionalmodel /stem for the whole body of an organisim contrast to biomolecular
sensos, in celtbased assayi is not the molecular interactioaventof an analyte with a target structure
that is detected, but it is rather thdetection of the integrated physiologtal effectcaused by amanalyte
or stimuluswith all its complexityas a whole

Stimulus i

(Analyte) °

Chemical Biological Physical ° °
Biological Recognition Unit -

Transducer Unit

v (label-free, non-invasive)

Electronics

Cell Response
(Physicochemical
Change)

Signal Output

Electric Signal

Fig.1z1  On theright: stup of alabelfree celkbased biosensofCBB. On the leftways how
chemical, biological, and physical stimalay interact with the cellular recognitiomnit to cause
a cellular responsea(change imphysicochemicaljuantity) thatis converted into a measurable
electric signal by the transducer unih parts adapted fronffl,

There aremany ways how an externally applied stimulus can be recognized by a cell layer. This is
schematically shown on the left hand sideHig. 1z1. In cases of a chemical (e.g. a metal nanopatrticle) or
a bicchemical (e.g. a toxinytimulusthe respective substance can be recognized by the cells dugs to
uptake, via free diffusion across the cell merabe, channef carrie-mediated transportor endocysis
(Fig.1z1 Az D), or due toits (specific ornonspecific) binding tccell surface receptorgFig.1zZ1E). A
physical stimulus (e.g. heat) interacts as a whole with the total cellular sy@temlz1F). Any event of
stimulation or celanalyte interaction could cause the activation of intracellular processes and signal
cascades thatn turn could be finally expressed in any kind of structural, functional, and/ or metabolic
cellular responseThus, the physicochemical changédght be of multidmensional and complex nature.
For instance,a stimulus could cause a change in the cellular metaboligaffecting the equilibrium
concentrations of e.g. glucose, dissolved oxygen, HCB', Na', C&*, CF, lactate, etc), changes irthe
membrane potential, théarrier resistance and cell morphology (both affecting thielectric properties

of the cell layer)the distribution of massandin the micromechanics of the cells.

These celllar responses anthe accompaning changes of physicochemical parameters are what is to
be detected and transferred into a measurable electrical signal by the transducerdirtite labelfree
biosensor device (Fig.1z1). There are various types of transducers, distinguishable by the underlying
physicochemical phenomenon: electrochemical (including potentiometric, amperometric, and
impedimetric), optical, thermometricpiezoelectric and magnetic transductioff! Tab.1z1 gives an
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overview onthe most commontransducer principles and semstechniqueshitherto presentedfor the
labelfree and noninvasivemonitoring and analysis of cetlased assayddowever, thislist makes no
claim of completeness, since there are several furtmethodical and metrologicatlevelopments and
enhancementsof the various sensor platformsA complete surveyis beyond the scope of this
introduction on labelree CBBsFor instance, there are various microscelpgsed techniquethat make
use of a metrologicdf maodified form of thevarious transduceprinciples These approaches are not
listed herelt has to be noted that theuminescencebased readout principles mentioned are confined to
experimental setups in whidhe luminophoreis immobilized in a sensor matrikhis means thattie cells
are not exposed tahe luminescent reporter compound and the approache thereforgustifiable
referred to as labelfree. The basic operation principlesf selected CBB techniques which are most
relevant to the scope of this thesis (printed in bold typ&ab.1z1) and exemplary appdationsin label
free CBAsare considered in more detdiklow.

Tab.1z1 Most common tansducerprinciples and sensor techniques uskdlabelfree cell
based biosensingCBB)3+¢&221 Techniques printed in bold type are described in more detail in
subsectionsl.1.171.1.3

Transducer Principle Readout Principle/ Quantity Sensor Technique
Electrochemical Potentiometry LAPS/ MLAPS
ISFET/ EnNFET
Amperometry ME/ Clarktype ME
Impedance ECIS
Resistance
Capacitance
Optical Luminescence (OCS) Intensity/ Anisotropy/Lifetime
Scattering Raman/ SERS
Refractive Index SPR(Prism/ Waveguide/ GratingCoupling)
RWG
Interferometry/ RIfS/ RICM
Waveguide

Optical Ring Resonator
Photonic Crystal
Resonant Mirror

Piezoelectric Shear Acousic Wave QCM
SAW

LAPS:LightAddressable Potentiometric Sensor, MLAPS: Multi LAPS, ISFESEldaiive Fiel&ffect Transistor, EnFET
Enzyme Fiel&ffect Transistor, ME: Microelectrodes, ECIS: ElectrBuBsttate Impedance Sensi@S: Optical @mical
Sensing,SERS: SurfaeEnhanced Raman Spectroscopy, SPR: Surface Plasmon Resonance, RWG: Resonant \
Grating, RIfS: Reflectometric Interference Spectroscopy, Ri&Mction Interference Contrast Microscdp@M: Quartz
Crystal Microbalanc&AW: Surface Acoustic Wave.

1.1.1 Electrochemical Transducers for Labefree CBB

Electrochemicalsignaltransdudion can be dvided into various typesgither depending onits mode of
readout, i.e. potentiometric, amperometric, and impedimetric, or depending the content of
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informationin CBB applicationd.e.cellmetabolismor cellmorphology. Electrochemicasensordor the
analysis of cell metaboliteare described on the basis of iselective field effect transistors (ISFET),
light-addressable potenibmetric sensors (LAPS), and amperometric microelectrodes. Information o
cell morphology, cytotoxicityand cellularmotility is monitored byimpedanceanalysisof adherently
grown cell monolayers, also referred to as electric-salbstrate impedance sexing (ECIS)

ISFET

lon-selective field effect transistor@SFET¥are ion sensors based dield effect devices (FEDs), where
the metal gate of typical metainsulatorsemiconductor/ metaimetal oxide-semiconductor fieldeffect
transistors (MISFETs/ MO3ETS) is replaced by eeference electrode andraelectrolyte solutiorabove
the gate insulator lonsenstivity in ISFET$s introduced by an additional iesensitive layer bateen
electrolyte and insulatoF! A schematic layout of @ISFET is shown Fig. 172 A. The currentO between
source and draimt a constant gate potentidlY is determined by the surface potential at thaterface
betweenthe ionsensitive layer and the electrolyt€hanges in theion concentrationin the solution
influence this surface potersl, resulting ina changeof the sourcedrain current At the operaton
principle of constant draircurrent, suitable electronics then automatically adaghte gate voltage to
restore the initial operational drain current and to compensate for the surfaatential changesdue to
the changing ion (analyte) concentration, respectively. The change of the gate voltage thereby directly
correlateswith the analyte concentratiorf!

In H/ pHsensitive ISFES(pH-ISFET) the surface of the gate insulatori&i AbOs, TaOs) directly acts
asthe proton-sensitive layerThe ISFET devices aedso capableof quantitatively sensing other ioit
speciesbut H* by the introduction ofadditionalion-sensitive layes. Theseare either ionophorebased
polymeric membrans, molecularly imprinted polymer membrarse or solid ion-responsive
membranes.fl ISFEE for the sensitive and selective determination of the physiolodycetlevant
speciesNa’, K*, C&*, and CF2%29 in celkbased assaybave beerdeveloped Besides theselSFETsor
metal-ions like Ag, Cd*, C#*, Hg?*, and P?* B havealsobeenreported. By coating the ion-selective
layer of anlISFETwith an enzyme layethat produaesor consunes inan enzymatiaeaction the ion to
which the layer below is sensitivene obtains a saalled enzymatic ISFETEnFET) Thisallows the
indirect determination of oher reactants and products of ghenzymaticreaction EnFET$ased onH"/
OHCdetection (enzymes immobilized ongH-ISFETereutilized for the biosensingf various analytes,
such agylutamate B9, glucosel®%34, ureal*®4% |actate “Y, penicillin*>43] and glykoalkaloids*¥. ISFETs
are mostly used as ptSFETsin CBBsfor cell microenvironment monitoring angensing of the
extracellular acidification rate (ECARY.As the ECAR is correlated with the physiological state and
serves as an indicator for the global metabolism of céfifs pHISFETs have been widely usiedcell-
based screenings of anticancedrugs efficacy*”! Recently, a chip-based sensorapproach has been
realizedfor the simultaneous monitoring of both the ECAR and the oxygen consumption rate (OCR)
(cellular respiration) with a single ISFE¥ Further multi-parametric CBBs were developed that basis
(452651 which will be addressed h2Multi-Parametrid_abelreeCeltbasedBiosensing

LAPS

Light-addressable potentiometric sensofEAPS) are multilayerfield-effect devicessimilar to ISFETs

66 A LAPSconsiss of a doped semiconductor covered with an insulator layer anthemosensitive
layer. The device isnmersed in an electrolyte solution. The semiconductor is connected with a reference
electrode in contact with the electrolytéFig. 122 B; reviewed in%17677% with respect to biological and
cellbased applications)rhe insilator materialof LAPSdstypically made upeither of a single Si@layer
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or a double layer of Siand SiN4, ALO3, or TaOson top, wiose surface chargs sensitive to Hionsin

the solution. If a bias voltagéY with respect to the referencelectrode is appliedto the LAPS,a
depletion layeris establishedt the insulatorsilicon interface By irradiating thedevicewith modulated

LED light pulses of appropriatéR)wavelength, electrorhole pairs are generated in the silicon. This
causes a\Cphotocurrent as a function of the DC voltage in the LAPS. The effective potential, thereby,
is the sum of the applied bigsotential in series to the surface potential at the insulatelectrolyte
interface® Hence, any change in the*ldoncentration in the solution causes a change in the surface
charge, affectingthe interface potential andconsequently the photocurrent. As LABRSre usually
operated in constanphotocurrent mode, therequired change of the bias voltager compensating
photocurrent alterationgusing a feedbacicontrol circuit)is the readout quantity and corresponds to pH
changes!® For instance, a decrease in the pH due to an increased ECAR causes the protonation of silanol
groups at the insulatoeelectrolyte interface. This means a decrease of the interfacial charge and a
reduction of the surface potential, which goes along witlsraallerdepletion of the semiconductor and

a decrease in the photocurrentikein ISFETS, sensitivity tather analyte ions but Fican be introduced

by a chemoskectivelayer on the insulato(Fig. 172 B).18!

The possibility ofonly irradiating locally defined regions of the semiconductor material enables to
readout various eeas of the celcovered sensoindependently On the one hand, thisambe utilized for
multi-analyte sensingmultiplexing) also termed muliLAPS (MLAPS), bynplementingdifferently ion-
sensitive membraneglistributed overthe insulatorsurface. Thesare monitoredeither sequentialy by
LEDs with similar modulation frequency aimultaneousy by severallight sourceswith different
frequency modulation$’%X’1 MLAPS applicationshave alreadybeen presented for the parallel
monitoring of the ECAR, glucossptake, oxygen uptake, and lactate productidff-"laswell as for the
simultaneous sensing of iorlike H, Li*, Na, K*, C&*, and Ct[2".7373771 On the other hand, the lochf
defined LAPS readout an be applied for imaging the spatial distribution afsingé analyte by either
scanning the light source across the device or using an array of light sdé¥é83his has already been
presented for the 2D mapping oflocalpH values.['*:7576818ECARand cell metabolisnsensing by LAPS
has been widely useih various research fieldas for insénce in receptorbased studies, biodefense
toxin discrimination, drug efficacy and cancer studies, or environmental toxin monitgsieg?®67:6%70.7
and referenceshere). LAPSin combination withcelFbased assays faensingextracellular acidification
are often also referred to asytosensor or microphysiometer as the trade name of theonly
commercialized LAPS system (Molecular Devite€§ Sunnyvale, CA, USKY!

Amperometric

Besides the potentiometridield-effect-based transdution techniquesISFETsand (M)LAPS, ampere
metric transducers for chemosensiifgig. 1z2 C) ae described as well.lhe most commonly used sensor

of this type is the amperometric oxygen sendor the determination of the biological oxygen demand
(BOD)® The first amperometric sensor was presented by Clark in 1956 for monitoring and controlling of
blood and tissue oxygetensions®¥ In Qark-type amperometric oxygen sensorthe analyte solution is
separated from an electrochemical cely an oxygerpermeable Teflon membrane. The cethnsiss of

a working and a counter electrode immersed in a KCI solutiotygénmolecules that diffused across
this membrane are reduced at a constant potential at the noble metal (Au, Pt) working electrode
(cathode) and cause an increase in the curmmetasured Hence, thereductioncurrent as the readout
quantity is a direct measure of thmncentration ofdissolvedoxygen(DO)in the sample solution.

Clark-type microelectrodes (MEsand planar amperometripO, sensor structures (a three electrode
systemcontrolledby apotentiostatic electronic circuit) were developed and integrated intmraturized
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chip-based systemdor the labelfree andcontinuous monitoring ofDO in celtbased assays, i.e. the
oxygen consumption rate (OCR) of céti?50.53.5457.8621 The sensor chips with integrated amperometric
oxygen sensors are typically build uprasilti-parametricsensors and contain further physichemical
transducer structuredike e.g. for cell morpholog testing and ECARnonitoring. Besides the direct
measurement oDO, the amperometric sensors amsocapable of sensing indirectly any species tisat i
consumed or produced in an akisebased enzymatic reaction (amperometric enzyme sensaa the
oxygenor hydrogen peroxide concentratiorfFor this purpose, the amperometrO, sensor is coated
with a layer in which the respective enzyme is immobilized avidch enables free diffusion of all
reactantsbetween thebulk solution and the sensor surface. Thgproach was first presented by Clark
and Lyonsasanamperometric sensor for glucod®' and hasalsobeenapplied as transduction method
in celtbased assayfor the labelree determination andnonitoring of glucoseand lactosd® " A list of
physiologically relevantanalytes that have been successfultyonitored by amperometric enzyme
sensors is given iffl.

ECIS

Electrical impedancéased sensing of adherent cells, also termed as electriesobltrate impedance
sensing (ECIS), utilizes the propeuf cells to impede AC current flow when they are in close contact to
the substrate, i.e. a small gofidm workingelectrode Fig.1z2 D). This technique was presented first by
Giaever and Keesn 19848TA 0 Oi 1 OPET 1 1| CEAAIT AA EA® Ak @indpe AECS,
the method of impedance spectroscopy, and the analysis, physiological meaning, and modeling of
impedance data are extensively addressed in the noefh section3.4Electric CelSubstrate Impedance
Sensing (ECISPBriefly summarized, ECIS enables the timesolved, labelfree, and norinvasive
monitoring of cellsubstrate interactions like cell attachment and spreading, proliferation, as well as cell
detachment, and is suitable for loAgrm measurements of cebhased assay$>°% Additionally, changes

in cellcell interactions and celinorphology that open or close AC current pathways through thdl ce
layer,such as for instance barrier formation aadening, can be sensitively measured in a change of the
electrical impedancé®z®s

Such cell morphological alterations in a cell layer canchesed byvariousstimuli and, thus, make
impedance monitoring a versatile tool for studies of e.g. cell vitabtyalysis oimpedance fletuation)
[96298]  cell migration and wound healing®% cell invasion%19407 parrier function [1.93108]
cytotoxicity 1°%116] and drug efficaci#°%1") The ECIS system has also been applied in actuatiotgem

by exposing cell layers tAC voltage pulses of high amplitude. Thias beerused either to electrically
generate a defined wound in a cell layer or to electroporate (ELPO) cells on the working electrode,
depending on the duration and amplitude ofealvoltage pulse, with subsequent nanvasive impedance
monitoring and analysis of the electrically manipulated cell 1ay&2?%! The principle of ELPO is
addressed in more detail isubsection3.4.5 Besides the use of one or more small circular working
electrodes as the impedanesensitive spot(syis-a-visto a large counter electrode, impedandmsed
CBBs are also presented utilizing interdigée electrode (IDE) structurel§?.6061:112.12123]

1.1.2 Optical Transducers for Labelfree CBB

Optical biosensors in general can be categorized intovgousproperties of electromagnetic radiation
that areused for readout the wavelength of excitation/ emitted light, the intensity absorbedlight
(UV-/ VIS/ IR-absorbance), the intensity of reflectédscatteredlight (reflectometry, interferometry
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Raman), the intensity of emitted light (fluorescence, phosphorescence), and the luminescence lifetime
and anisotropy.

Even though transmission light microscopiechiques for analyzing cells are not in the scope of this
overview, they are important noimvasive tools for the visual evaluation of the cell morphology and thus
should be briefly mentioned here. Aside from the already established optical cordrasancing
techniques like phase contrast and digital interference contrast microscopy, digital holographic
microscopy (DHM) is an emerging and promising fiovasive and labelree interferometric method. It
provides 3D images of transparent samples like selith a high resolution along the optical axis (in z
direction). Additionally,it also provides a quantitative measurement of the optical path length, which is
related to the optical density of the cell. Thus, DHM is vgeited for the imagebased labekfree
screening and quantitative analysis of various events of cell morphological alteratfGi€]

Up to now, almost any mtical CBB with the purpose of lab&ke transduction makes use of refiive
index (RI) changes thatccurat the sensor surfacdue tocell-substrate interactions and surface binding.
There a various Riased biosensor techniques and setupalf. 1z1), distinguishable either by the optical
components and the physical principles used for coupling light into the sensor/liquid interface or by the
way how RI changes affect the properties of the ligtst is reflected and analyzk RI sensors applied in
cellkbased assays utilize interferometry, ring resonators, waveguides, resonant mirgdrstonic
crystals, surface plasmon resonance (SPR), and resonant waveguide grating {R%¥%&Y.Amongst
these, SPR and RWG are most widely u$é#32'%l Aside from the Rbased signal transduction,
luminescencebased optical chemical sensing (OCS) is also used infiameCBAs. The immobilization
of the luminescent probe in a planar sensor matrix thereby implements the -fabelapproach in the
experimental setuplhe cells arderebyexposed neither intracellularly nor extracellularly to the probe
and therefore this method is distinguished from conventional labledsed biochemical assays using
dissolved/ suspended probes.

SPR

In SPRKig. 172 E) 132138139 |ight is coupled into a high refractive indéRI)medium (e.g. a glass prism in
Kretschmann configuratio®®213]¢ ) in a certain anglg of incidence so that total internal reflection
(TIR) occurs at the interface with a low Rl medium (e.g. wate€ <¢ ). The critical angle above which

TIR occurs depends on the wavelengftthe incident lght. If the requirements folf IRare met,a surface

bound electromagnetic (evanescent) waig generated at the prism/liquid interface, which decays
exponentially into the optical thinner medium, i.e. the liquithe ppolarized component of the
evanescentvave can excite free surface electronsithin noble metal layer (Au, Ag) coated at the prism/
liquid interface Thisgenerates so-called surface plasmons, i.e. longitudinal electron densekyillations
(Fig.1z2 E). Besids this method of prism coupling, surface plasmons can also be excited by means of
waveguide coupling or grating coupliftf”132140There is a specific resonance condition at viahi
maximal fraction of light energy is coupled into surface plasmons. It depends on the wavelength and
angle of the incident light as well as on the refractive indices of the prism (waveguide/ grating structure),
the metal film andthe neighboring medium.Resonance appears as minimum in the intensity of the
reflected light (reflectance). Hence, if all parameters of the system are kept constant and the device is
illuminated with monochromatic light at various angles (angle scan), a Rl change of the liogeda the

metal layer can be measured by a shift of the angle of minimal reflectance. Alternatively, a frequency
sweep of the excitation light at a fixed angle of incidence (frequency scan) provides spectroscopic data
of the reflected lightintensity andinformation on Rl changes at the biosensor surface by means of
resonance frequency changes.
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The SPR technique was initially developed for the analysis of biomoleculaadti@ns. Its success in this
field is apparent in a variety of commercial devices. Therefore, the SPR is often also termed-atisgty
biosensor***However,in recent yearshe SPR has been discovered as a valuable means to investigate
not only molecular but also cebubstrate interactions and structural changes in the basal region of
adherent eukaryotic cellsalso referred to as dynamic mass redistribution (DNHR):42 The SPR/ DMR
sensors have been used for latfede and timeresolvedinvestigations of structural and morphological
processes during cell adhesion and proliferatiBfi}*® and due to extra or intracellular stimii
[127,133,138,143,144.2460] Aside from the spectroscopic approach, SR&alsobeenapplied in a microscopic
manner(SPR microscopy or SPR imagirig) imaging of celsubstrate contacts of living cell¥%55]

RWG

In contrast to the prisrcoupling of incident light in the SPR technique, gratiogupling is used in the
RWG techniquéor generatingan evanescent fieldnd surface plasmons, respectivéiy#215¢6%n RWG
(Fig.1z2 F), an optical waveguide film of high refractive indmxdwith a periodic metal diffraction layer
(subwavelengthstructured) is illuminated with polychromatic ppolarized light. By the diffraction
grating, light at a narrow band of wavelengths is selectively coupled into and propagates along the
waveguidel'*I This is accompanied by the generation of an evanescent wave at the interface of wave
guide and low RI medium (the liquid and waveguide substrate). The resonant wavelength, i.e. the
wavelength that is most effectively coupddnto the waveguide, thereby depends on the refractive index

at or close to the waveguide (sensor) surface. Thus, local changes in the Rl due to DMR at the cell
substrate interfacé'*'%?lcause a shift in the resonant frequency, which can be sensitively measured by
the spectroscopi@nalysis of the reflected or tramsitted light.[12142/157.16163]

RWG sensors have been successfully appliednnltitude ofcellbased assgs. Studies providedime-
resolveddata of cellsubstrate and celtell interactions duringelladhesion and spreadingn theRWG
surfacel!42.145.157.162.164 ha regponseof cellsin the form of spatial and temporal relocation of cellular
structures (mass)n receptor and gjinaling studieg'41:142159.1&68 gng tanges in the RI signaterof
adherently grown cells upon treatment with various membram@d cytoskeletoraffecting drugs and
compoundg#21%7lcould be sensitively monitored by means of RWG as well.

Luminescencebased OCS

A nonelectrochemical transducer princigl for the screeningf metabolic species inelFbased assayis
based on the chemosensitive changeopttical quantiies. Such optical chemical sensors (Q@%iewed

in 16%173) are often also termed as optodes as the optical analogue to the electroddsey are
categorized into the diret measurement of an analyte, by the change of an intrinsicaaptproperty,
and the indirect determination via the optical properties of an indicator mole@oiebe) The latter case

is the mostly used approach for screening metabolic or physiologicalevant species in cetlased
assays, since such smdthw molecular weightnolecules typically possess no optical properties usable
for their directdetermination, such as for examplabsorbance or fluorescence in the visible spectral
range. To complywith the approach of labelree CBAs, the probe has to be immobilized in a planar
sensor matrix which prevents direct contact and interaction with cdfig).(z2 G). Due to the high
sensitivity of fluorescencdasedanalyticaltechniques, fluorescent probesre mainly usedThe basic
requirement for this method is a change the fluorescence propertie®f the indicator molecule
(intensity, anisotropy, lifetime) in a oncentrationdependent mannerspecific forthe analyte of
interest"IThis could arisérom either a physical interaction or a reversible chemical reaction of analyte
and probemolecules, causing a quenching or the generation of luminescelRoeinstance, oxygen as
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one of the most relevant metabolic species biological systemsis an effective quencher of
phosphorescence, making the intensitgnd lifetime of the indicatord @hosphorescencevaluable
quantitiesfor the sensitivenonitoring of oxygen concentration&’%Fordetailed information on oxygen
sensingvia luminescence quenching and the readout principle of fluorescdifeéme imaging the
interested readelis referred tothe methodssection3.5Optical Temperature anedxygenimaging The
range of accessible analytésfurther increased tremendously byeans ofenzymatic reactionsn which
the analyte is consumed ambmpounds that affect thduminescenceproperties of a probere either
consuned as well or produced’he most popular biosensof this categoryis the optical glucose sensor,
where Dglucose is enzymatically consumed in a thin layer of enriched glucose oxidase (GOx) between
the sample solution and the indicator layéfig.1z2 G). Dissolvedoxygen is consumedth this reaction
while hydrogen peroxide and protomse producedall of which are available for analytical detection with
the respective chemosensitive indicator layérs!

Different configuations of OCShave beendescribed in the introductory section dfhapter6. An
overviewfor various analytes that are of interest in ebhsed assays and for which chemosensitive
luminescentprobes have been presented in the literatusalsogivenhere. Amongst these, probes for
oxygen pO>) ard pH are most commonly used in CBBsoviding information on cell growth and cellular
metabolism Regarding optical oxygen sensors used for the sensing and imaging of the OCR of cells, a
brief overview of various formats and applications is given in sciime 6.2Imaging the Oxygen
ConsumptiorRate (OCRbeneathAdherent CellsFluorescencdased OCS have beenpresentedin
various formatswith respect to miniaturizatio, parallelization,and multiplexing 58173179 a5 well
combined with other sensor principlesof the purposes ofmulti-parametric whole-cell biosensing
[46.51.55.59 cf, section1.2).

1.1.3 Piezolectric Transducers for Labefree CBB

QCM

A third type of labelfree CBBds based on the inverse pieglectric effect and the phenomenon of
electromechanical coupling®1%%I! The effect of piezoelectricityand how it is utilized for the
electromechanical (acoustic) transduction in shear acoustic wave sensors is described in detail in the
methods sectior3.3The Quartz Crystal Microbalan€CM) One can distinguish between various shear
acoustic wave devices depending on the dipole orientation in the material with respect to the electrodes
and, thus, how the acoustic wave travels through the material: flexptaie-wave FPW), surface
acoustic wave (SAW), and bulk acoustic wave (BEU619719202]

The acoustic wave sensor techn@that is used by far most widely in (ebdsed) biosensing applications

is the quartz crystal microbalance (QCM). The QCM is a BAW device and is also referred to as thickness
shear mode (TSM) resonat.21:196.203204p schematic cross sdon of a QCM sensor is illustrated in
Fig.1z2 H. The core component ofQCM acoustic sensors isnaAT-cut quartz crystal Whenan AC
potentialis appliedvia electrodest the surface osuch a materiglthemoleculesbetween he electrodes
areexcited toperformashear displacementThismechanical oscillatiotravelsin the form ofan acoustic

wave through thepiezoelectricmaterial ard decays irexponential fashion into thetsrounding media at

its surfaces Any mechanicaklteration occuring within the decay length of the acoustic wave in the
adjacent medium can be sensitivetgcordedby a change in the oscillation properties of the crystal.
Besides measuring the adsorption of rigid masses on rtlierobalance surface via decreasein its
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resonance frequency, the QCidlalsocapable ofdetecting changes in the viscoelastic properties of the
quartz crystal loadindpy the damping of the oscillation amplitud&x2°7]

The QCM technique has been applied in variousniolecular interaction studiegincluding virus
detection, potein adsorption, immunoassays membrane formation and interaction,and
oligonucleotidehybridization),studies aiming ombacteria detectiorand quantification andin the recent
past also in biosensing studiedased on eukaryotic cells BB)[?2999.202208214] | apelfree and time-
resolved acoustic CBB by means of QCM provided meaningful data of the micromechanical cell
substrate interactions during the processes of cell attachment and spreadinga multitude of
studies?2°0.21%2421 Moreover, the viscoelastic properties of living adherent cefjgredominantly
determined by the cytoskeletonhave been studied under the influencedif’erse chemical, biological
and physicabktimuli by QCM sasingas well QCM studieof CBAsdescribedin literature covervarious
research fieldssuch as toxicity testing of chemical compounds and environmemiilitants226-24%2511
drug discovery [419:22,206,216,222,225.234,242,243,248255] . cytocompatibility testing of growth substrae
materials and coatinggtl:22:90.218218,221,224,228,230.232,234.236 2259] || receptor and signalinginvestigation
[220.262262] ce||l motility and vitality monitoring in terms ofcytotoxic efficacy?5:2631 and detection and
quantification ofthe metastasis ptential of cancer cell€% and ofthe beat rate of cardimyocites?®,

1.2 Multi-Parametric Label-free Cellbased
Biosensing

Efforts to improvelabelfree sensor technique®r non-invasive monitoring of CBARitially aimedat the
miniaturization and parallefiation of devicesfor high throughput screening (HTS)apabilities, as
required in drug screeninfpr instance However, the technical possibilities cdmbining independent
monitoring techniquesand the analytical importance of high content screening (H@5cellbased
studieswere increasingly recognized, tacCellsubstrate and celtell interactions as well as aglthr
recognition of externally applied stimulecanresultin multidimensionalchanges ofcellular properties,
such as for example thenecharics, morphology, and metabolisnof cells The readout signalof
conventional CBBs howevenirrorsthe complex processes that take place in the cellular system under
studyin condensed form and mostly onby oneparameter. It is evident hat this represend only a small
fraction of the entire state and of the total response of cells. In order to gain a more detailed and a more
comprehensive picture of the cellular state apithrocesses occurring in cddhsed assayst is ofutmost
relevance to improve th biosensing systems with respect to multiplexing and H@ZShe basis of
hyphenated technique$?®! A thus increasel number d readout parameters provides the basis for a
more a comprehensive and detailed description and evaluation of the cellular atatealsoallows a
better understanding of metabolic and morphological cellular reactions due to various stifrhik.
knowledgeenables to intervene morspecificallyinto the cellular systemThis is not only of interesh
terms of drug discoverput isalso of great relevance in the fieldsmkdicaldiagnodics, environmental
monitoring, in early detection of biological and elmical warfare agents, anth basic research in life
sciences in generi

To date various approacheslowing for multi-parametriccelkbased biosensingpave been reported in
literature that will pave the way for labdtee HCS of cellular assays the followingbrief overviewonly
hyphenatedsenr approaclesare consideredvith at least two independent transducer technologies
combined in one biosensor platfornpproaches where the sensor spots of one transduction principle
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were multiplied and eqipped with different selectivities or sensitivitiemly, sut as for example MLAPS
27, multi-ISFET %5256 or multiple OC 865183 gre nottaken into accounhere.

Jansoff et al.presented in 1996 a doubl@ode impedance sensor for the analysis of cell lajféts The
core component of thiglual sensor is a piezoelecttdViHz quartzdisk that is capableof performing
shear oscillationsIn this mode boperation (QCM/ quartzmode) the sensorenablesmonitoring the
viscoelasticity 6 cell monolayers cultured oiits surface by impedance analysisAdditionally, the
dielectrical properties of the cell layeare monitored by impedance spectroscopy in E@ligdogue
manner(ECIS/ cellmode), with the help ofa platinum wire electrode dipping into the culture medium
from the top. This providesnformation about the degree of cellcoverage on the sensor and the
formation of an intercellularbarrier, which iscomplementary to the quartz modalerived information
aboutthe mechanical celsubstrate interactionsAside from studies of cedittachment and spreading
the system has beesuccessfullyapplied in variousgypes ofcellbased assayadressingcytoskeleton
perturbation, (bio)chemical stimulationand cytocompatibility testing?2-197:206236,267,268]

In 1999, Baumann et df4 developed a sacalled@Cell Monitoring Systerd(CMS®), which enabldke
simultaneous and labdree monitoring ofmultiple relevant cell layer parameters by the usevafious
microsensorsarranged next to each other on a single surfatlee multi-sensor systenis build up of pH
sensitive ISFETSs, IDEs, amtemperature-sendtive transducer spatThe pHISFET and the IDEs serve as
sensors for the ECAR and the impedatimsed morphological characterization of a studieell layer
respectively Various differenCMSB-chipversions were proposed to meet the requirementsldferent
fields of applicatiors. The system was further developed in thearly 2000s The sensor chips were
equipped with additional electrode structures capable of recording changes in dissolved oxygen and thus
the OCR of cellby means of modified ISFET§ and miniaturizedCark-type electroded®.. In this way
microsensor chips were developed for monitoring bptmetabolic responses (pH andO;) and
morphological alterations (impedance) oliving cells to drug compoundd_ater on, a three-electrode
arrangement was irggrated on the sensor chips that wagerated with a potentiostatic circuit for
amperometric oxygen measurements:2 The microsensor systems were realized on glass chips,
comprising an optial access for microscopic evaluations, as well as on silicon sensor chips with multiple
ISFET readout spoté2535462 Based on theeg, a novel multi-parametric biosensor device called
Ontelligent Mobile Lald (IMOLA) was introduced by Wiest et #f1in 2006.The sensor chips of this
system areabricatedeither with silicon technologyor thin film technology(ceramic chipk In the latter
case, ISFETs for accessing pH changes are replaced by metal oxide s&@hgolsIOLA system was
commercialized by cellasys GmbH (Munich, Germany) in 2587 A \ery similarchip system called
Mionas Discove® 2500 Systemwas commerciatied by Bionas GmbH (Rostock, Germarogpable

of independentpH/ pO./ impedance measurement§’?. Bothsystems have been applied in a multitude
of time-resolved cellular assayé®®05761.271272fgr the investigaion of the multi-parametric and -
dimensbnal cellular response (like inmetabolic activity, celllar respiration, and morphologytowards
various potential cytotoxic substances and drugs.

In another multiple CBB approachelectrochemical (ECIS) and chemosensitive optical(OCS)
transduction wee integrated next to each other on one sensor surfége’?*The sensors are integrated
on the bottom of 24well-plates and comprise raIDE structure for impedimetricdeadout of cell
morphology changes and two circular fluorese optical sensor spots (PreSens GmbH; Regensburg,
Germany) that enable thandependentoptical readout of pH (ECAR) ap®. (OCR) in each well of the
plate. The system under study caradditionally be observed and analyzed (fluorescenrce
microscopically due to the transparency of the glabssed sensor chipsThe parallelizedmulti-
parametricsensor systenhas beerdevelopedin order to increasaside from the information content
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also the screening throughput of cddbsed assaysFor this purpose, nobnly sensorchipequipped
multiwell-plates were presented but also an automated integrated anaditiscreening platform,
including ax-y movablemicroscope for automated imaging, a higénd CCD camera light source for
fluorescence microscopy, and an égration control unit. The integration of further componentsr

further automatation, a climate control anda fluidic systemwas proposed, too, antlasalreadybeen

considered in the development concept of the integrated screening system. The applicatitime

system has been demonstrated ihe time-resolvedmulti-parametricscreening of cell attachmerdand

spreadingand ofchemical and biological cdlyerstimulations 515559

Recentlythe combination ofthe optical and electrochemical transducer principl8®R and EC]# one
sensa platform heas been presentedy Michaelis Wegener and Robelglz013)27 Theyintegrated on
gold film-coated SPR sensor chips an EGSalogue electrode layout by means of photbligraphic
structuring. This providgelectrodes for impedance analysia the one han@énd two goldcovered areas

of the substratefor SPR monitoringn celtbased biosensing applicatior the other hand The layout
enables SPR sensimj two independentchannelswhere one isisuallyused asmeasurementchannel
and the other as control channebPRECIS monitoring of cellis capable of providing simultaneously
and noninvasively information for themulti-parametric and timeresolved characterization otell
layers, due to the independency and the lalfide nature of both sensor techniquesThe content of
information extractable fron SPRECIS readingsovers changes in the DMR attét morphology of cells
AO xAl1 AO Al OAOAOQEIity ad Hadier @dpétiesKtel performahde A@Gie ET OA
complementarity of information obtained fromsimultaneous SPR sensing and ECIS have been
demonstrated by Michaelis et alin severalproof-of-concept studies including investiations of cell
attachment, spreading and differentiatioron the dual sensor surface as welltls dualmonitoring and
analysis otonfluent cell layes upon their exposurto an actin cytoskeleton disrupting drug.

Even hough this has not yet been applied as CBB, the recently tedarombination of QCM and SPR

by Kim et al. (2010"%is also briefly mentioned here, due to its specific relevance irsttopeof this
thesis and as it represents another jigsaw piece in the possible combinations offlebdbiosensor
techniques. The novel dual sensor was constructed on the basigygfical AFcut quartz crystalwith
indium tin oxide(ITO)as transparent electrode material on the bottom side and with a gold dirar a

thin adhesion promotingitanium layeron the ta side of the disk. The microbalance was mounted onto

a glass prism via an index matching oil to meet the requirements for a SPR setup in Kretschmann
configuration 13213% The proposed SPRCM setup, however, needs to be substantially improved,
particularly in view of celbased biosensing applications, since tBER sensitivityf this setup isffected

by disturbing reflections from the additional ITO and titanium layers and since the QCM oscillation
exhibited a considerablincreasedmotional resistance as a consequence of the damping oil film.

Finally, it shoud be noted thatthe non-invasive natureof all labeHree CBB approachesand
combinations described abowfer the possibility to b&@xtendedwith invasive enepoint investigations

and postexperimental labebased analytical methods, such as ebg.AFMor fluorescence staining and
microscopy Thecooperationof time-resolvad non-invasive monitoring anaf invasive techniques fax

more indepth analysis of cells enables the collection of a wealth of information, which allows a detailed
profiling of cells Thus, it is a promising key for attainimigeper insighsinto cellular statesanda better
understanding othe behavior otcellsin its entirety.
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Biosensors based on whole cedls the biological recognition unfCBBs)have gained an ncreasing
interest inthe past years byesearch institutes focusing on the development of new technologies that
can serve as basis for the laliede and norinvasive screening of living cells. Due to steady technical
improvements in terms of throughpuand handling,progresses irdata analysiend interpretation, and
the development olhumerouscellbased assays, there is also an increasing intdreSBBson the part

of the pharmaceuticalfood and biosecuritjndustry [22>1927¢n CBBs, cell lines can serve asraenable
biological recognition element for biomedical ass, sut aspathogen andtoxin detection and drug
discovery!*? Cells culturedIn vitrocan mimicon a small scalthe functional effect of ay substance or
stimulus on tissue, organs or the whole organiand human bodyrespectively Thus, Iosensingof cells
provides meaningfuhigh-content informationin a physiological context, which is not accessible by
interaction studies of isolated biomolecules by labelbased andhereforeinvasive celbased assays.

In terms d drug decovery, for instance, the application of CBBs allows agalection of candidate test
substances and concentrations in preclinical screening studies to minimize the number of animal tests
which is desirable fdooth ethical and cost reasan

Fig.2z1 gives an overview of the technical state of the aftthe three main CBBs used for monitoring
structuralchanges of cells, QCM, ECIS, and SPR, with respect to available modes of operation and sensor
combinations (indiated with a connecting lineat the beginning of this thesisSensing modes are
indicated with blue arrows directed away from the sensor principle and actuating modes are highlighted
in red with arrows pointing inwards to the cells The stimulation of cedl and their microscopic
investigation, mostly used iadditionto CBB, are also illustrated for the sake of completen&ss.2z2

shows the same overview, however, expanded with the contributions of this tfiagislighted wth blue
borders). Methods and applications not usednat presented in this thesis are shaded in grey.
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Fig.2z1  State of the art of([combined)CBBsfor monitoring structural changes of celtd the
beginning of this thesis.
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It was the aim of this thesis to impve and develop redime sensor devices that can be used to monitor
assays with living cells lab&kee and nonrinvasivelyon the basis of the quartz crystal microbalance
(QCM) technologyOne focus thesby was set on thdevelopment of a multispot QCMsensor MIQCM),
which should be designed, characterized, aoptimized. The MQCM should be finally applied for
investigating the mechanical propertiesf mammalian celland their change®y analysisof the QCM
impedance of celtovered quartz resonators.hlis, the QCM should be established as a method that
enables the continuous monitoring of cytomeahics under physiological conditionwith a high time
resolution,manageable technical expenseand a moderate throughpui celtbased screeningsThis
shoud be evaluated iwvarious studies with compounds that affect the micromechanics of cells.

Another project aimed on the integration of the ECIS principle into the surface of the MQCM disks
developed in order to provide anovel hyphenated QCM-ECIS sensa combining piezoelectricand
electrochemical transduction in one experimental setilijpis should enable the labélee readout of cell
morphology changes as well as eedlll and cellsubstrate interactions by means of ECIS in parallel to the
viscoelasticprofiling of cells by QCM recordingShe dual sensor platform should be developed using
thin film technology and standargbhotolithography. An optimal electrode layout of the QGHCIS
sensors should be evaluated, by means of microscopic investigatiodsaaalysis of the impedance
characteristics of both QCMand ECISnode readoutsOnce a system suitable for cddhsed biosensing
applications is identified, the sensing performances of the individual transducer principles of the dual
sensor should be evaditedon the basis of various cell adhes and cell stimulation assagsd, as a key
issue, the added value of the hyphenated approach shoulitbatified and discussedith respect to

the sepaate sensor setups and readings
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Fig.2z2  State of the art o{combined) CBBgor monitoring structural and metabolic changes
of cellsat the end of this thesis.
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In a third project the QCM should be combined with luminescebased OCShiorder to provide another
class of sensor combinatiof®CM-OCS for the purposes bmulti-parametricCBB. A first QCMDCS
combination aimed on the experimental determination of temperature increases on the QCM surface,
which are expectedf the resonator is operated at elevated driving voltages and @ich amplitudes,
respectively Two-dimensional OCS thereby should be implementeg means of a temperature
sensitive paint (TSP) and fluorescence lifetime imaging (FLIM). In another approach, an eegmstive
sensor film should be developed which at the same time should serve agrtveh substrate for
mammalian cells. The cytocompatibility of the presstsensitive paint (PSP) used for this purpose
should be investigated by means of QCM measurementsaR&Pcoated substrate compatible for cell
layer establishment should beealized. Finally, proofof-concept studies should demonstrate the
capability of thechemosensitive transduceor labelfree and timeresolvedsensing and imaginghe
oxygen consumption rate (OCR) of a cell layer upon stimulafidnis should provide the basisrfthe
substrateembedded screeningof further analytes, such afor instanceH" or glucose, in celbased
assaysdy means of OCS
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3.1 Cell Culture

For cell studies in this work the adherent epithelial cell line MBIC#ladin Darby Canine Kidney,
strainll), and the adherent epithelidike cell line NRK (Normal Rat Kidney, str&RE) were usedBoth
cell ines were obtained from the Leibniz Institute DSM&erman Collection of Microorganisms and Cell
Cultures (Braunschweig, Germanyheygrow on cell culture substrates as monolayers of cobblestone
like morphology.

3.1.1 CellCulture Conditions

The cell lines we routinely incubated irtissue culture medium in 26m? or 12.5cm? cell culture flasks,
which were placed in a humidified incubator with a temperature of@GAand an atmosphere that was
aerated with 26CQ.. A medium volume of #L for 25cm? flasks (2mL for 12.5cm? flasks) was
adequate for completely covering the adherent cells on the bottom of the flpslyiding nutrient supply

for a few days. Cells were fed every two to three days or the day before an experiment, by exchanging
the degraded cultue medium for nutrientrich medium from the stock solution. MDGIKand NRK cells
require different culture medium compositions and concentrations of nutrients. The respective medium
compositions of basic medium and additives for both cell lines are lis&bolw inTab.3z1.

Tab.3z1 Composition for MDCHI and NRK tissue culture mediunthe basic medium
contained different amounts of NaHG@nd Dglucose, and were supplemented with fetal calf
serum, penicillinstreptomycin, and kglutamin.

MDCKIl medium NRK medium
Basic medium Minimum Essential Medium Eagle $ O1 AAAAT 8§ O - 1 AE A&l
(MEMY. (DMEM}
NaHCQ 2.29g/lL 3.7gL
D-glucose 1g/L 4.5 g/lL
+ Fetal calf serum (FCS 5 % (/) 5 % (V)
+ Penicillin 100 pg/mL 100pg/ mL
+ Streptomycirt 100 pg/mL 100 pg/mL
+ L-glutamin® 4 mM 2mM

! SigmaAldrich; St. Louis, MO, USA

#A11 AOI OOOA x1T OE xAO DPAOA&I Oi AA O1T AAO OOAOEI A ATl
AETTTGCEAAT OAZEAOU Adnifig WAitham, WA BEAD iAdepticdr@ikoAsOin tBeA E
laminar flow were ensured by spragnd wipedisinfection of the bench, andllmaterials and equipment

brought into the laminar flow, with 7@ {/v) ethanol in deionized water. Sterility of solutiongas

achieved by either autoclaving at 120 for 20min (Systec DX5; Wettenberg, Germany) or by sterile

filtration (pore diameter: 0.2um), unless it was delivered already sterile by the manufacturer. Cell culture
equipment was autoclaved likewise beforesage, except the manufacturer delivered it in a sterile

package. Cell culture waste, i.e. solutions and materials that were in contact with cells, was autoclaved
before disposal.
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3.1.2 Sub-cultivation of Cells

MDCKIl and NRKcellswere cultured on the bottonof culture flasks, where they proliferate until a
confluent monolayer is reached. When the cells reach a confluent state, contact inhibition within the cell
layer occurs, which means that the cells slow doavrd finally stop proliferation For maintainingan

active cell cycle and a continued proliferation rate, the cells werecsltured on the verge of reaching
contact inhibition, by seeding a fraction of the cells in new flasks. The seeding densities were adjusted
for a subcultivation of cells once a ved.

Sub-cultivation was performed according to a standard cell culture protocol. The divalent catiofs, Ca
and Mg, are essential for the formation of calell and ceksubstrate contacts. They are, among other
factors, responsible for the adherence thie cellsto the extracellular matrixdepositedon the culture
substrates. In order to detach the cells from such a surface, these contacts were weakened by elutriation
of the divalent cations. Firstly, the supernatant medium was removed, and the cell \ege washed

twice with phosphate buffered saline (PBSwithout C&* and Mg*). The depletion of cations was
maximized by subsequently incubating the cell layer with a solution oML EDTA
(ethylenediaminetetraacetic acid) in PBSor 5z 10min at 37C. The chelating agent possesses a very
high bindingaffinity towards divalent cations. Rounding up of the cells indicated the loss etekland
cellsubstrate contacts, and consequently a sufficient period of EDTA incubation. Afterwards, the cell
layer was incubated with a solution of 0.25(v/v) Trypsn/ ImM EDTA in PBS{for 5z 10min at 37°C),

for a complete detachment of the cells from the flask surface. The trypsinization process was stopped by
adding a 1€fold excess volume of the respective culture medium to the flask. Then the suspended cells
were centrifuged §110°Q After removal of the supernatant, the spun down cell pellet wasugpended

in fresh culture medium and seeded into a new cell culture flask in a certain dilution.

3.1.3 CellStorage

The cell lines were deefpozen in a cryogenic tank in order to séothe cell line for a longer period. For
this, a confluent cell layer on a flask was treated the same way as feridtibation. After centrifugation,

the cell pellet was rsuspended in a special freezimgedium, consisting of normal calf serum and%0

(v/v) DMSO (dimethylsulfoxide). DMSO is a Rorystalizing alternative to a pure watdrased medium.

The latter would form ice crystals when freezing, which could damage the cell membrane and finally lead
to cell death. The resuspended cell suspensions redilled in cryovials and, in a first cooling step, slowly
cooled down toGB0°C for 24h. A slow and constant cooling rate of@/min was achieved by placing

the vials into a freezing container filled with isopropyl alcohol. Afterwards, the vials placed in a rack

and were immersed in liquid nitrogen in a cryogenic ta@k96°C), for longtime storage of the cells.

Thawingof the cryogenically conserved cells and bringing them back into culture had to be performed
gently. In a first step, the cryaad with the deepfrozen cell suspension was transferred from the
cryogenic tank into a freezer, where it was stored for abohtat 20 °C. Then, the vial was warmed to
37°C in a water bath. Since the high concentration of DMSO in the thawed cryopre¢esblution is
cytotoxic, it has to be diluted and removed from the cell suspension, respectively. Firstly, the cell
suspension was transferred into a centrifugation tube, ananlOof prewarmed culture medium were
added dropwise. A careful but quick aition was necessary in order to minimize the osmotic stress for
the cells. Afterwards, the cell suspension was centrifugedli’Q the DMSO containing medium was
removed, and the cell pellet was-seispended in fresh culture medium. The celerethen cultivated by
seeding into flasks with a sutonfluent cell density. Subsequent treatment of the cells was carried out
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in accordale with the subcultivation procedure, mentioned above. Thawed cells wam used for
experimentsbefore at leasbne subcultivation.

3.1.4 CellPreparation for Experiments

By default, cells were fed with fresh culture medium the day before they were seedadobstrate for

an experiment. This was necessary to remove dead cells and to maintain a consistent vitality and
metabolic activity of the cell layer for all cell experiments. The cells were seeded on the respective
substrate for an experiment after remong them from the culture flask, according to the standard
protocol of subcultivation. In order to ensure aseptic conditions for cell experiments, the growth
substrates were sterilized by treatment with argon plasma fonith, unless the manufacturer deéred

the substrate sterile. For purposes of comparability of experiments, the cells were seeded on the
substrates with a defined cell number per unit aréherefore the number of cellafter re-suspension of

the cell pellet was counted (using a Burkeerkhcytometer from Marienfeld Superior, Lauda
Kdnigshofen, Germany), and the cell suspension was appropriately diluted with culture medium, before
seeding. In cases where control of the cell density was important, a cell number 6088@lls/cm?was
defined for both MDCKI and NRK cells. At this seeding density the cells were seeded to confluence,
meaning that immediately after cell attachment and spreading the whole sensor surface is completely
covered with cell$2! This means that the cells form a confluent monolayer after adhesion and
spreading, without the needbr proliferation. The cell layer possessed fully establishedadlland cell
substrate contacts about 12 after seeding. Cell experiments on a confluent monolayer were usually
performed 24h after seeding to cofluence.Tab.3z2 gives an overview of different kinds of growth
substrates and the respective seeding volumes and concentrations of the cell suspensions for achieving
a seeding density of 45000cells/cn?.

Tab.3z2 Volumes and conentrations of the cell suspensions (MDUOKand NRK) for
maintaining a consistent cell number of 4800 cellstm? on different kinds of substrates with
different growth areas.

Growth substrate Growth area/ Cell number Volumée Cell concentration/
cm? (for 450000 cellskn?) mL cells/mL
QCM/QCMECIXisks 1.13 508500 15 339000
8-well ECIS array 0.75 337500 0.4 843750
Petridish (small) 9.04 4068000 3 1356000
12-well aulture plate 3.66 1647000 3 549000

3.2 Impedance Spectroscopy

Impedance spectroscopy (IS) is a measurement principle that delivers information on the electrical
impedance (complex electrical resistance) of a systander testas a function offrequency By
definition, the electrical resistance is the hindrance of elall current flow in a system, when a certain
voltage is appliedBoth transducer devices applied in this stydyuartz crystal microbalance (QCM,;
section3.3, and Electric Celbubstrate Impedance Sensing (EC$8¢tion3.4), are based on measuring
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the impedance of the system as a function of frequencyQ@M, one obtainswith the electrical
impedance a quantity that is directly proportional to the acoustic impedance of the qoadilation(via
electromechanical couplingwhereas ECIBrovidesthe passive, electrical impedance of cells covering

the electrodes. The following sections firstly focus on the mathematical description of the complex
impedance. Afterwards, the impedaecproperties, and the graphical representation of the three basic
circuit elements, resistance, capacitance, and inductance, are discussed. Finally, impedance properties
of simple equivalent circuit models are considered.

3.2.1 TheComplex mpedance

When applyng aDCvoltage (current)to an electrically closed system, the relation between resistalgce
voltage™Yand electrical currentE O CEOAT AU OEA / EIi 80 1 Axyq,

Y Y @)

However, in IS the input signal is not a tiimyariant DCbut a sinusoidalACvoltage (current), which is
varied in a wide frequency range. $13mall amplitudes of theput signalare used. Thus, I&nbe used
for norrinvasive and noftestructive examinations of (biological) samples. The AC voltage is a
function of time and frequency (which is indicated by small symbols) and can beematictally
expressed in the trigonometric form:

60 6d Qo )

Hence, the voltag® 0 at a certain time point is characterized by an amplitu@and a phaseHig.3z1),
which B expressed by theariable angle candwhere] ¢" " the angular frequency aritthe AC
frequency of the excitation signal

Fig.3z1  Sinusoidal voltaged 0 andcorrespondingcurrent™Q for an arbitrary system under
test. The voltage (cuent) is characterized by amplitude ( Hand phase (¢ ). When there is

iITTuU A POOA /EI 80 OAOEBE @@txOhavE the Amefphabd (AAOOEA AEOAOD
. 1). The frequency dependent devices capacitor and inductowehar, cause phase shifté
the current with respect to the voltagef “jcande “j ¢, respectively.

The voltage can also be expressed as a complex quantity (indicated by underlined symbols):
01 6 000l 6 EX Q&

ok 0 3
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where the time and frequencyapendent voltage is expressed combinationof a real and an imaginary
part (with the imaginary unifl. The resulting current has a sisoidalform of the same frequencgsthe
exciting voltage(Fig.3z1) and can be mathematically expressed in the form:
f0) By Qo 4
or as complex current:
Qo0 MOéi o EX Qo
[ O ©)

The complex impedancél £ AT ' # AEOAOEO AAT AA AAI AOI AGAAR AA
the ratio of the complex voltage, E@), and the complex current, E¢p):

L 01 0 0 _Fe .
Qo ol
IEO0E EI Q¢ (6)

in which the complex impedanceis fully characterized by its magnitudgxsand phases , which
represents the phase shift between voltage and current * ).In soecalled Bodeplots, Ssand

« are displayed as functions of frequency. As a complex quantity, the impedance can also be described
by the sum of its real pa A® and imaginary par) 1 & :

o 2k B io
YR ™

All frequency independent resistivitieis the electrical circuit are merged to the real paridd of the

impedance. AsEA OAAl DPAOO AAEAOAO AO Al JEI 80 OAOGEOOI
resistance or just resistancé The real part mirrors energy losses within the system. The imaginary part

of the impedance is expressed by the reactadcand contains cpacitive and inductive components of

the electric circuit. They influence the permeability of the current in a frequency dependent manner, and

mirror the storage of energy within the system.

The complex impedance can be displayed (besittesBodeplots 36 "Q andes "Q) alsoin so-called
Nyquist diagrams. Here, the impedance is plotted as a vector in the Gaussian plane (complex plane), in
which the imaginary part is plotted as a function of the real pBig.(3z2). The vecbr length corresponds

to the magnitudegissand the anglewith the (real) xaxisof the vector is the phase of the impedance.

Thus, real part and imaginary part can be converted to magnitude and phase by:

s 24D )i Y o ® @8)

AOAGAR  AoA&ai )
2R QA
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w)
I

n Y  2A®

Fig.3z2  Geometric representation of the impedancan the complex plane with the-axis as
real part2 A® and the yaxis as imaginarpart) [ ¢ . The impedance can be fully described
either by the Cartesian coordinates, resistari¢and reactance, or in polar coordinates by the
vector length impedance magnitudgsand the angle representing thephase shift. Both ways
of representation can be converted into each other by equatiéns(8), and(9).

3.2.2 ImpedanceElements in Equivalent Circuits

The current flow in an AC circuit and thus the complex impegais determined by the three basic
DAOOEOA AEOAOEO Al Ai A1 0O /EIi 80 OAOGEOOI OOh AADPAA
electric behavior of these devices is assurfmdhll frequencies, meaning that e.g. a capacitor shows only
capacitive behavior and has no additional resistive property, which a real capacitor would exhibit. A closer
look on the impedance properties of the individual circuit elements and their characteristics in
impedance plots helps for understanding and interpngtimuch more complex electrical systems with
combined elements (cf3.2.3EquivalenCrcuitModel9 27227

Resistor

An electrical circuitonsistingl £ A DBPOOAh EAAAIT j/EIi 80q OAOGEOOI O
influences. Thus, the impedance is resistive and has no imaginary component at all AC frequencies.
Applied to equationg6) and (7), this leads to the impedana® of an ideal resistor:

.0
D 2Ay Bno— Y 10
& 2 A " 10

with the corresponding phase shift angleg,

& YxE Yo . « . q (19

~ oz s o~ o~ 2 A 2

Equation(10 OA £l AAOO OEA | EI 8 O()) tiansferid t® ACditcuitd. HizAdnpl&O | %
impedance® is given by the resistanc¥, and is calculated by the ratio of voltage and current
magnitude. Since an idal resistor has only a real contribution, there is no reactance part and
consequently voltage and current are not phase shift€gpicalNyquist and Bode diagrams ifab.3z

3A illustrate the frequency independent impedance tdinutions of an ideal resistor in an electrical

circuit.

Capacitor

AEA AAPAAEOTI O EO AT 1T OEAO DPAOOEOA AT AT AT O ET AT
which the current is directly proportional to the applied voltag®) &nd (10), for capacitors the current
is proportional to the voltage change over time:
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(96 _
MM 03— 0D 1
Qo 350 6 (12

After conversion we obtain for the impedance of a @pacitor:

» g L B P (13
= M ESG6 1T 6
The phase of the capacitive current is 90ahead of the voltage:
o e e ‘ (14

G

Ideal capacitors possess only an imagyaomponent, without any resistance contribution to the
impedance. In the complex plane, the impedance vector of an ideal capacitor is a straight line along the
negativereactanceaxs. w decreases with increasing frequency and capacitance valugscalNyquist

and Bode plots are shown irab.3z3B.

Inductor

The third basic, passive element in AC circuits is an inductor. It plays a minor role in equivalent circuits for
describing the electrical properties of biologic systens. However, it is needed to descrilkibe
piezoelectric properties of amscillating systemwith electric equivalents (cf3.3The Quartz Crystal
Microbalance QCM). An ideal inductor shows, like an ideal capacitor, only reactive (imaginary)
impedance contributions. For inductors the driving voltage is proportional to the current change with
time:

aQQ .
I3 n ol n v, 1

0 0355, VI 19
After conversion, the inductive impedance is given by:

°
Q

B0 (16)

g)

The phase of the inductive current is laggingehind 90° with respect to the voltage:

. . . C (1'0

The impedance of ideal inductorsrispresented as a straight lireong thepositive reactanceaxis in the
Gaussian plan€Tab.3z3C). The inductive impedance is directly proportional to the frequencg an
increases likewise.

Constant PhaseElement (CPE)

In contrast to the previously mentioned equivalent circuit elements (resistor, capacitor, and inductor) the
CPE is a noideal and empiric circuit element. Nedeal circuit elements are often required famodeling

the impedancecharacteristicsof real systems. Such neideal behavior may be due to dielectric
inhomogeneity or roughness of the electrod&&! The CPE aims to describe the etiécal properties of
double layes that show non-ideal capacitive behavior. It is used to adequately describe the interface
impedance of electrodes in contact with an electrolyte. The CPE contributes to the impedance by:
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Tab. 3z3

Impedance properties are shown ftine basic AC equivalent circuit elemen(#)

resistor,(B) capacitor, andC)inductor. Typicalimpedance spectra (Bode diagrams) and Nyquist
plots are shown for equivalent circuits with eith@k) one resistor Y =10kOhm), or(B) one
capacitor © =100nF), or(C)one inductor ( =0.05H) as single circuit element. In Nyquist
diagrams the increasing frequenicyis indicatedoy an arrow. Frequency range: 401 Hz.

Equivalent circuit

Bode diagram

Nyquist diagram
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where0 and¢ are frequency independent parameters. The phase angle of the CPE is independent of the
frequency, as the name, constant phase element, already indicates. The phase shift angle between AC
voltage and current for a CPE is given by:

TR ol (19

Two extreme cases can be considered for the electrical propertiieftE. In the first extreme case of
¢ =0the CPE describes an ideal resistor (withd  'Y), and in the second extreme casetof 1the CPE



28 Methods & Instrumentation

represents an ideal capacitor (with =0). For any value &f =]0,1[the CPE exhibits mixed electrical
properties of a resistor and a capacitor with dominating capacitance¢for0.5 and dominating
resistance fog <0.5,278279

3.2.3 Equivalent Grcuit Models

The basic idea of IS studies on biological systems is to get electric information that can be translated,
with an appropriate model, intspecific physical or chemical properties of the system of interest. In order
to gain this information, the system has to be described by an electrical equivalent circuit. At first, such
an equivalent circuit should take into account any impedance contiitbutvithin the systemunder test

as an electric element in the equivalent circuit. Once an adequate equivalent circuit is created, the
theoretical impedance of theircuit(integrating the impedance contributions of all individual impedance
elementg can e expressed mathematically with a transfer function. The experimental impedance data
isthen fitted with the transfer function in order to obtain the parametersatifsingle circuit é&ments.

The electrical propertiesf such an elemenére thencorrelated with specific physical properties of a
structural component of the observed systelfi’]

Biological systems are often very inhomogeneous and complex in their structure and composition. This
is especially the case when one wants to describe the electrical or mechanical properties of whole cells in
detail. Hence, it can be very difficult to design an accurate electrical model ¢hatacterizesthe
electrical or piezoelectrical propertiesof a samplein all details Therefore, individual simplified
equivalent circuits have to be designed that are adaptedhe information one wants to extrackor
instance, a very simple electrical model for the complex electretdetrolyte interface is the
combination of aresistor anda capacitorin series, whereas the impedance of a (not less complex) cell
membrane carbe modelled by the same two circuit elements, however, connected in paf&feThe
impact ofa few basicsimple combinations of circuielements(one (two) resistor(s) connected with a
capacitorin various waysdn the impedance spectrand on the resistance and reactance valueisthe

entire electricakircuit are describetdelow.

R-CCircuit

An equivalent circuit with a serial combination of an ideal resistor and an ideal capacitor can be easily
divided into resistance and reactance contributions. All resistance contributions originate from the
resistor, whereas all reactilehaviorislinked to the capacitor. The impedance of a resistor in series with
a capacitor is given by 'Y EDj] & The impedance and phase spectra dfpical Y- circuit

is shown irfTab.3z4 A. Theimpedanceis predominated by the capacitance in the ldmequency region,
which is reflected in a negative slope and a phasgleof 0 °, respectivelyin the Bode plot Whereas

at high frequencies (2kHz) the resistance dominates the impedance signaith a frequency
independent magnitude, parallel to the-axis, and a phase shift of°0In the correspondingNyquist
diagram inTab.3z4 A the impedanceof the "Y-0 circuitis displayed in the complex plangbyfrequency
independent real part'Y ) and a frequency dependent imaginary (reactance) parEpj] ©¢). The
impedancelocusin this cases a straight line parallel to the imaginaryisaxThe distance of this line from
the origin and the yaxis, respectively,apresents the value of the resistante. The influence of the
reactance (capacitancen the impedancalecreases with increasing frequency and thus contributes
less to the entire impedance sign@hdicated with an arrow in the Nyquist diagram)
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Tab.3z4 Equivalent circuits andypical impedance spectrare displayed for the combination
of a resistor and a capacitor in seri@s and in paralle(B), as well as for a parallel circuit of a
capacitor and a resistor in series with a second resi€iQr For e&h circuittypical Bode and
Nyquist plots are shown. In Nyquist diagrams the increasing frequenyindicated with an
arrow. Nok: the imaginary axis is plotted negatively. Frequency rand€’z 1(f Hz;

'Y =10kOhm,"Y =1000hm, 6 =100nF.

Equivalent circuit Bode diagram Nyquist diagram
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The second possible combination of a resistor and a capacitor isatalel connection of bothTab.3z

4 B). The impedance of & 6-circuit ( stands for the parallel connection of the circuit elements) shows

a completely different frequency dependence compared to thi& series circuit. fie mathematical
expression for the impedancé& - is given by® - poj'Y E 6 . TypicalBode and Nyquist
diagrams are shown iifab.3z4 B. In'Y 0 circuits the resistance dominates the impaace at lower
frequency values, whereas the capacitance does at higher frequencies. In the respective Nyquist plot in
Tab.3z4 B it can be seen that the impedance 6¥a) circuit has a semgircle locus in the complex plane.
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R-(R C)Gircuit

For the description of complex systems, equivalent circuits with more than twalectrical circuit
elements areusuallynecessary. For instancasing the previous examples again, the description of a cell
membrane in close contact to aglectrode in an electrolytic solutiorequires the combination of the
previously separately considered systems and equivalent circuits, respectively.

One possible circuit with three elements is the parallel combination of a res¥tand a capacitod,

which is connected in series with a second resiao(Tab.3z4 C).With respect to the aforementioned
exemplary test systems, this circuit could be used as a simple model for describing the electrical situation
of acell membrane in contact with an electrolytdhe impedance of & -(Y &) circuit is given by

@ - Y pj'Y E 6 .IncontrasttothéY-6 or'Y ¢ circuit, the impedance in aiy -(Y 6)

circuit conerges at lowas well as at elevatefilequency levels, according to:

00 QoY Y | O Hd QO Y

oooo .Ooo

Thisis illustratedin the Bode diagranof a test systemnin Tab.3z4 C. The impedancanagnitudeat the
low frequency region is determined By Y, whereas it is dominated by at the upper end of the
frequency window The Nyquist representation of th¥ -('Y 0) circuit impedance isimilar to the
Nyquist plot of the RC circiit in Tab.3z4 B. However, there is an additional fixed real (resistance)
contribution, originating from the second resistoiY() in series to the paralléf ¢ circuit. This causes
the impedancenot to become purelymaginaryat any frequency

In Bode plots, either the impedance magnitude or the phase shift is plotted as a function of frequency in
a two dimensional diagram. The presentation of only one parameter actually urefgesents the
impedance data, since magnde and phase are complementary information and only the combination
of both can fully describe the complex impedance of the system. Instead of presenting two individual
plots, 6 "Q andes "Q, or two-dimensional diagrarawith two y-axes, the entire impedance information

can also be merged in a -® Bode plot, with perpendicular axes &kquency (xaxis), impedance
magnitude (yaxis), and impedance phase-&xis) Thisprovides an impedance spectrum in the three
dimensional space that comprises any impedance information. A projection of-fhecGrve to thexi’s

"« -"Q planeprovidesthe corresponding, twedimensional representation afis "Q (¢ "Q), equal to the
individual two-dimensional plot. Additionally, one gets in the third projection plane the frequency
independent correlation between impedance magnitugégsand phase . For instancethe impedance
properties of theY -(Y 0) circuitin Tab. 3z4 Care illustrated as &-D Bode plot irFig.3z3A. The 2D

Bode plos, 65 "Qands "Q, equal to tlosein Tab.3z4 C, are represented in the respective projection
planes.As alditionalinformation, the third projectionplaneprovidesthe dependence ofisande .

A Nyquist plot shows the imaginary part as a function of the real part with orthogonahct yaxes.
However, the frequency dependence of both, real and thedgimary part, is not directly visible in such
diagrams. In order to make thisequencyinformation accessible in a Nyquist plot, a third (frequency)
axes can be plotted perpendicular to the complex plane of imaginary and real’fior resolution
purposes, the frequency is plottezh alogarithmic scale. This results in a xyz or thidimensional plot,

which uncovers the full frequency dependence of real and imaginary parts. Moreover, it visualizes the
frequency independent relatisgshipbetween both quantitiesFig.3z3B displays a-B Nyquist diagram

of the'Y -(Y 0) circuit shown inTab.3z4 C, in the frequency range from 491 Hz. The impedance of
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the circuit is illustrated in-B perspective as a function of excitation frequencyafis), resistance ¢y

axis), and ractance (zaxis).The pojection ofthe 3D curve inFig.3z3B in the compleX A® -) 1@
planeprovidesthe same semicircle as shown in the-R reakimaginary plot (Nyquist diagram) ifab.3z

4 C. Moreover, the frequency dependence of either the imaginary part or the real part is accessible. It can
be obtained by the projection of the-B curve in th [ & -"Qplane and2 Ad -"(plane, respectively.

A B

- Imz)/
kOhm

10

Re(2)/
kOhm

Fig.3z3  (A)3-D Bode plot andB)3-D Nyquist plot of the complex impedance ofYa-(Y 8)
circuit. The complex impedance is plotted as a function of frequei@yithpedance magnitude
(29, and phase shifts() in A and asa function of real partq A% ), negative imaginary part
(@) &), and frequency’Q in B All axes are perpendicular to each other. Frequency range:
1Pz 10 Hz;"Y =10kOhm,’Y =1000hm, 6 =100nF.

3.3 The Quartz Crystal Microbalance@CM)

The Quartz Crystal Microbalance (QCM) isnass sensitive deviceehich makes use of propagating
acoustic waves in a solid material. Acoustic waves are low energy waves and occur betffeamd10

1 Hz in the electromagnetic spectradjacent to themicrowavesin the upperfrequeng range(see
Fig.3z4). Acoustic waves can have different origins. However, their utilization for sensing applications
requires a frequencgtable and continuous acoustic wave source, and moreaveensitive detection
device that is able to measure changes in the properties of acoustic waves with high accuracy. These
requirements can be fulfilled by the use of piezoelectric materials as transducer unit in a sensor setup.

Materials that exhibit pieoelectric properties can be forced to oscillation by applying an external
electrical AC voltage. The oscillation goes along with acoustic waves that propagate through (or on the
surface of) the material, and decay in the surrounding mediirmcontact tdhe material. The
propagation (vibration mode) of acoustic waves in piezoelectric materials can be very diverse, as it
depends on several properties of the resonating matter and its boundaries: the kind of the oscillating
material, the thickness of the sensplate, the lattice orientation, and also the orientation and geometry

of the electrodes (which are needed for applying the oscillation voltage). Hence, a lot of different acoustic
wave based sensor technologies were developed. Dependent on the kindsifcelvave, they can be
roughly categorized into the three types: bu#icoustiewave (BAW) sensots surfaceacousticwave

1pbulk waves occur in a boundafsee medium



32 Methods & Instrumentation

(SAW) resonator$, and plateacousticwave resonators, like flexuralplate-wave (FPW) or shear
horizontalacousticplate-mode (SHAPM) resonatord!®® This big variety is also reflected by the large
frequency rangalongwhich acousic resonators are used for lsensing applications. The working range
covers six orders of magnitude, fronk#z to 1GHz Fig.3z4).[281

1Hz 1 kHz 1 MHz 1 GHz 1THz 1PHz 1EHz 1ZHz
1 " " 1 " " 1 " " L " " 1 " 1 " " 1 " " 1 ’

l HZ 0 3 6 9 12 * 15 18 21
10 10 10 10 10 10 10 10
1 km 1m 1 mm 1pm 1nm 1pm
| / m 1 N 1 A A 1 A 1 . 1 N N 1 N N 1 N 1 N
10° 10° 10° 10° 10° 10° 107 10"
Radio MW IR [g|uv] Xerays | grays

Acoustic resonators

Fig.3z4  The frequencyrange of acoustic resonators in the electromagnetic spectra. The
region of radiowaves covers about tearders of magnitale. The relevant region for béensing

by means ofacoustc waves range from HHz to 1GHz. "Q=frequency, _ =wavelength,
MW =microwave, IR=infrared, vis=visible light, U\~ ultraviolet radiation(!6.281l

The most important and most commonly used piezoelectric material-guartz, as it exhibits very high
temperature stability. Other materials that show piezoelectricity are lithium niobate, lithium tantalate,
zinc oxide or aluminum nitrid&%72°0-201For QCM applicationghin and round ATcut disks from arn -
quartz crystal are used. They exhibit a very high frequency stability, with a temperature coefficient
around zero between 0C and 50C (cf.Supplementary Informatio8l1, p.262).282 AT-cut terms the
cutting angle of 35.25relativeto the zaxis (optical axis) of the crystal. Theses QCM resonators generate
bulk acoustic waves (BAW), and are referred to as thickness shear mode (TSM) resonators. TSM devices
are chaacterized by transverse (shear) waves in the piezoelectric material that propagate perpendicular
to the plate surfaces. The vibration in the solid continues at the solid swsfand decays in the
surrounding medium. Mechanical changes at the sensor pitase influence the oscillatiosf the quartz

and thus can be detected by recording and analyzingghemeters of the resonant oscillation

The following sections will focus on the basic principle of piezoelectricity ircutTquartz disks, its
primary agplication for micreweighing, and on how impedance spectroscopy in combination with
electromechanical equivalent circuit®uld extend the QCM into a ksensor for cytomechanics.

3.3.1 BasicPrinciples of the QCMTechnique

Piezoelectricity of TSMResonators

As previously mentioned, the piezoelectricity of Adut quartz disks is the basic principle of QCM
measurements. The piezoelectric effect was first discovered 1880 by the brothers Jacques and Pierre
Curie. They describe the effect of generating electrical rgga on the surface of a crystal by
unidirectional, mechanical deformation. The basic requirement of a material or crystal for exhibiting

2surface waves occur along a single plane boundary (=-sdimite solid)
3plate waves occur between two parallel plane boundaries
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piezoelectric properties is the absence of an inversion center. Within the crystal classes, 21 out of the 32
point groups are norcentrosymmetric, and 20 of them show piezoelectric behaViét.

XLﬁ

z

Fig.325 A)# OUOOAT 00 QudAzdviininBlicatedATolitiplange (35.25 with respect

to the optical axis)(B) Oxygen linked SiO4 tetrahedrons form the crystal structure of the quartz;

a hexagonal structural unitcomposed of three silicon and theeoxygen atoms from three linked
tetrahedrons Zis highlighted. (C) Simplified scheme of the distribution of charges within a
hexagonal structural unit of quartz; positive and negative charges coincide in the center resulting
in a neutral quartz surfac€D) Transversal piezoelectric effect: a mechanical stress along the y
axis causes transversal electric displacement (along tagi%) and the formation of charges on
the quartz surface. lllustrations were redrawn, accordingf 16?5l

The pezoelectric effect can be explained by the orientation of charged atoms within the crystal lattice.
Fig.3z5 A shows a drawing of a quartz single crystal with hexagonal structure. Three different kinds of
axes characterize theymmetry of the crystal: one-axis (optical axis), which is vertical to the hexagonal
plane, three yaxes (electrical axes) running through tleelges of the hexagon, and three-axes
(mechanical axes) running through the hexaganmtices The three xaxesare polar axes, whereas the y
axes and the-axis are norpolar. This becomes evident when zooming into the atomic structure of the
SiQ; lattice. Fig.3z5B shows a simplified structure cout of the | -quartz crystal. Each lggon atom is
connected with four oxygen atoms, whereas the oxygen atoms form \beices of a tetrahedron
(indicated with black lines) with a silicon atom in the center. Each oxygen atom again is part of a
neighboring triangular pyramid. Three connecte8liO; tetrahedrons form a hexagonal structure
consisting of three silicon and three oxygen atoms (highlighteBig 3z5B). This hexagon is a recurrent
structure element in the quartz and is suitable for displaying the distitim of charges within the crystal.

A simplified twadimensional hexagon of silicon and oxygen in natural orientation is illustrat&eirsz

5C. The center of positive (9 and negative (€%) charges coincide in the spaticenter of the hexagon,
which leads to a crystal with zero net charge.

When applying a mechanical stress waxis direction of the atomic structure, this causes a transversal
displacement of the centers of (positive and negative) chargesarix diretion (Fig.3z6 D). Thus, the
hexagonal structure, and consequently the whole crystal are electrically polarized with resulting
opposing charges on the crystal surface. This effect is called transversal piezoelectric eftecttrirst,

a mechanical stress applied irexis direction causes a unidirectional displacement of atoms and charges
in xaxis, which is referred to as longitudinal piezoelectric effegt2( p.262). Thus, a piezoelectric
material can be termed as an electromechanical coupler, as it is capable ofdraniis§f mechanical
energy into electrical, and vice versa.



34 Methods & Instrumentation

In QCM technology, the soalled converse (transversal) piezoelectriceetfis applied. By plating two
circular gold electrodes in the center of either side of the-GAT quartz disk, the resonator can be
electrically addressedH{g.3z6 A). Applying a constant electrical field on the quartz suelacauses a
transversal displacement of charges that induces a mechanical strain within the ciistalz6 B). If one
applies an alternating potential difference, the quartz disk is forced to an alternating mechanical
deformation (shear oscillation) that is perpendicular to the electric field. This strain can be described by
two acoustic waves that travelvertical to the surfaces through the material in opposite directions
(Fig.3z6 C). At theelectrode interface, the acoustic wave propagates and decays in the adjacent
medium. The oscillation amplitude distribution over the quartz surface has a Gaussian shape. The
amplitude possesses its maximum in the center of the electradeQ) and vanishes almost to zero at

the edges of the electrodel (=i ) (Fig.3z6 C). Hence, the center of the quartztlee most sensitive
region of the surfacdor changes of the oscillation, and thus in QCM regginAt standard driving
voltages of 0.1% for 5SMHz ATFcut quartz resonators, the maximal shear amplitude i$nm in the
center of the quartz surface. Thus, considering the average cell diameter of roughiyn,lthe QCM is

an essentiallynon-invasive snsing technique for investigating whole cells.
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Fig.3z6  (A) Drawing of a typical ATut quartz disk with evaporated, disthaped gold film
electrodes on either side; the dipoles are in the natural orientation, without electrical charging of
the quatz surface.(B) Converse transversal piezoelectric effect: a static external field causes a
perpendicular displacement of charges, and thus a mechanical s{@)Applying an alternating
voltage on the quartz surfaces causes a mechanical shear oscilthté travels, perpendicular to

the surface, as an acoustic wave through the quartz; the oscillation amplitude has its maximum in
the center of the electrodewith radiusi . Graphics were redrawn, accordingl4e].

TSMResonators asMicrobalances- SauerbreyRelationship and Limitations

Each piezoelectric element has characteristic eigenfrequenciesyhith the opposing acoustic waves
show positive interference and exhibit a standing acoustic wave within the crystal. This resonance
condition is fulfilled, when an integer multipkeof the wavelength_of the acoustic wave is twice the
thicknessQ of the quartz disk (Eq(20)). At those resonance conditions the shear vibration shows
minimal oscillation impedance.

¢ _ ¢Qh x E ©E photuf (20)

In this case, the disk thickness defines the wavelength of the fundamental@d) and the harmonicg(
oluh 8) resonances. The factérmust be an odd number, because only then the boundary conditions
are met for opposg displacement on the quartz surfaces. The fundamental resonance conditjan (
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Q) is shown irFig.3z6 C, where half of the wavelengttorrespondgo the thickness of the disk. The
fundamental resonance frequenéQisrelated to the quartz thickness ke speed of sound and can be
calculated according to:

2D

0 —
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Q
Q| <

c¢Q

with 0 is the speed of soun@322m-s®) and&d> EO OEA OPEAUI A1 AAOOEAAI T U
(2.947-10*g-cm®.s®) in an ATcut quartz crystal, and is the density of quartz (2.64¢cm®).0 is a
frequency constant (the electromechanical coupling comgjeof AT-cut quartzes and is defined as the

half of the propagation velocity of the acoustic wave in a TSM quartz resonators, and imi€68°4282

289 The quartz disks used in this work have a fundamental modeMifi5, which corresponds to plate
thickness of 33Qm.

If the quartz thickness is increased by an additional layer of mass that features dikertaehavior
(similarv value), the resonance frequency is decreased according to equé&i)r(cf. SI3, p.262).
Sauerbrey described the mathematical relatiorghbetween the additional mas¥a of an adsorbed
layer and the resulting resonance frequency skitd "Q of the resonator:

W wQ wa

5 a 9> (22)

ExpressindQ Eg.(22) by the relation in Eq(21), and solving for the resonance frequency siif) one
then obtains the Sauerbrey relation:

w0

o 23

with 0 as the vibrating area on the quartz surface (i.e. approx. the electrode area)ysasithe integral

mass sensitivity and Sauerbrey constant, respectiV&R) For 5MHz ATcut quartz disks, a theoretical
integral mass sensitivity of¥,=0.0057Hzcm?ng® was calculated According to equation (23), the
integral mass sensitiviti¥,is a function of the square of the fundamental resonance frequency. Hence,
the mass sensitivity of the QCM can be in@ed by using quartzes with a higher fundamental resonance
frequency. According to equatio(21), an increase i, however, goes along with a decrease in the
quartz thickness. This loss in mechanical stability limits the igppillity of resonators with very high
fundamental frequencies. BIHz quartzes, which were used in this thesis, are a good compromise with
respect to sensitivity and mechanical stability.
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and rigid layers adsorbed on the quartz surface influence the eigenfrequency of the quartz only by their
inertial mass, but not by their elastical properties. Thus, the deposition gfraaterid influences the
eigenfrequency within the limits of the boundary conditionsequal to an additional layer of quartz of

the same thickness. By this, it is possible to use the QCM as microbalance for the adsorption of small
masses. The validityange for the Sauerbrey relation is limited to depositions of rigid, thin, and
homogeneous layers in dry air, which have approximately the same density as quartz, and exhibit neither
viscous nor elastic properties.
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Any deposited layethat is not ideally igid shows deformation and a nesynchronous oscillation with

the quartz. Deformation effects within the deposited material lead to loss of energy. Thus, viscoelastic
loadings have an impeding impact on the quartz oscillation. Additional to the pure diposif mass

and the resulting frequency shift, there is a superimgpdgamping effect on the oscillation amplitude.

This effect cannot be described by the Sauerbrey relation anymore. In ordedddve physical
information of the loadmaterial byQCM freqiency readings, a lot of models have been developed in the
past three decades. These models are often modified or expanded Sauerbrey based models. They
connect the resonance frequency change of TSM resonators with the altered specific physical properties
of the resonator itself and/ dhe mechanical properties of the load materi&lanazawa and Gordon, for
example, developed a model in 1985 that descritfeseffect of Newtonian liquidén contact with one

face of a resonatoon resonance frequency shift.heir model combined a (lossless) oscillating quartz
crystal with the damped propagation of the shear wave in a purely viscous liquid (a scheme is shown in
Sl4, p.263. The freqency shiftis a function of the viscosity,, and the density’ , of the liquid loading,
according to:

‘ "0 _

“ Ty D

This model also describes the exponential decay ofrttreehanicaldisplacementamplitudein the liquid.

The damping of the acoustic wave in the viscous liquid can be described by the decay length of the shear
wave, which is the reciprocal of the propagation constant. According to this model, the decay leigth

a function of liquid viscositgnd density, and is given by:

- 2

113 O‘m ( 5)
Applying this model to a MHz piezoelectric quartz resonator in water at 2D, the decay length of the
acoustic wave into the liquid is calculated to about 0.u@8.2°>2°1IA historical overview of empirical and
physical models for diéfrent loading conditions is given by Thomps6#f!

Although there aremany differentmodelsexplainingresonance frequency shifia response to specific

load materials they mostly focus on only one or few parameters of the observed system. The Kanazawa
Gordan model, for example, gives a relationship between resonance frequency change and the density
viscosity product of a liquid loading. However, any adsorption of mass would also come along with a
decrease inQ(EQ.(23), meaning that effects of both, mass loading and liquid properties on the
resonance frequency cannot be distinguished. Thus, measurements of the frequency shift alone deliver
too little information for describing moreomplex sygems, such as found in real lsiensor applications.

Another approach for obtaining more detailed information from QCM readings is based on reading not
only the resonance frequency, but recording the whole oscillation spectra (close to theams®
frequency) of the quartz disk. Impedance spectroscopy of the oscillgtimvidesmore information
about the observed system. This information is obtained as electrical impedance, which is connected
with the acoustic (mechanical) impedance of the arating system, due to the electrmmechanical
coupling within the piezoelectric material. Hence, by developing appropriate electnoechanical
models, impedance spectroscopy is the method of choicextvactmechanical parameters of complex
load materialg206.292]
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The followingsection will at first address the basic relat&psbetween acoustic and electric properties

of piezoelectric resonators. Subsequently, an appropriate electrical equivalent circuit for the QCM will be
discussed  Finally, the impact of different loadingonditions on the electrical parameters of the model
will be discussed.

3.3.2 Electro-acoustic Modeling and ImpedanceAnalysis of TSM
Resonators

TSM oscillators are piezoelectric devices that are used as eleotichanical transducers in QCM
sensors. In such al&ro-mechanical devices mechanical energy is converted into electrical energy (direct
piezoelectric effectpr vice versa (converse piezoelectric effect). Once an appropriate mechanical model
for the resonator is developed, each mechanical element in tloelehcan be expressed by an electrical
analogue and consequently the mechanical oscillation by an electrical equivalent circuit. The model of
the resonatoris supplemented by any mechanical contribution originating from a particular loading on
the resonata. This results in a more or less complex electrical equivalent for the system of interest.
Measuring the whole oscillation impedance of the resonator around the resonance frequency
(impedance spectroscopy) and subsequent fitting the impedance spectruim avitappropriate model
(impedance analysis), all electrical contributions, and thereforeabsociatednechanical properties of

the loading are accessible.

Electro-mechanicalModel for anUnperturbed Resonator

A simple mechanical model for the resonandeaoQCM is a damped oscillatory motiokid.3z7A). It

consists of a masst in combination with adashpot (with a friction coefficient ), in parallel with a

spring With' QA O (T T EAGO Al 1T OOAT OQ8an éxterhal fordc0ahd iEdDghtAE OB 1 A,
oscillation with a certain kinetic energy. This is related to the displacement of particles in the QCM, by
applying an electrical field on the Adut quartz crystal. Storage of energy in the system during oscillation
isrepresented by the spring, and the damping resistor represemsrgyloss.With respectto a quartz

disk, oscillation energy is stored due to the elastic properties of the quemggtal lattice Energy
dissipation appears in QCM resonators due to intérniation, losses in the electrodes, damping in the
mounting, and acoustic losses at the surface between the crystal and the surrounding medium.
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Fig.3z7  (A) Mechanical model of a quartz oscillation, a8l the electrical BVD equivalent
circuit of the quartz oscillation, in which every circuit element represents a mechanical
analogue®?
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For the model of a mechanically oscillating system, consistingroéss, a dsh-pot, and a springHig.
7A), the equation of motion is given by the balance of forces:

O & :3%) i a%w Koo (26)
(9% Qo

where Qs the applied force, anais the resulting particle displacement. This mechanical model can be
represented by an electrical equivalent circuit, consisting of andtar Or'], a capacitor'jrv], and a resistor

Y, in series (series branchiig.3z7B). The equation for the electrical oscillation of the LCR tank circuit
is given by:

w 2N . Qn p
P 2
Yua»Q.T Yaa‘)é:n 27

whereYis the driving voltage and the amount of charge.

By comparing Eq26) and Eq(27), one can easily see theomorphic structureof the mechanical and

the electrical model. The applied AC voltagéand the generation of charge$in the series branch is
equivalent to the external forcéOand the resulting displacemenbin the mechanical model. In the
electrical circuit, the inductancé represents the oscillating mass (inertia) in the mechanical model.

In addition, the capacitancé is (inversely) related to the spring constatand thus stands for
mechanical elasticity. The resistanéé is linked with the frictionfactori and representsmechanical
losses of the oscillation. The mechanical and the electrical oscillation equations are connected via the
electromechanical coupling coefficierit (O I "¥?°4 Thus, the mechanical properties of the motion

are accessible bynalyzing the electrical parameters of the equivalent netwBPR?°4 A complete
electrical equivalent circuit for a quartz resonator is obtained by complementing the LCR tank circuit with
a capacitanc@ in parallel Fig.3z7B). It takes into account the sum of the static capacitade@f the
dielectric quartz plate between the two surface electrodes, and the parasitic stray capacitgnce
Parasitic capacitaces originate from the experimental setup and include wiring, crystal mounting and
contacting contributions. The entire networlEig. 3z7B), of the LCR series resonance circuit (motional
branch) and the parallel capacitanceidlctric branch), is also termed Butterwortran-Dyke (BVD)
equivalent circuit?®® In the BVD circuit, the parallel capacitance dominaties electrical circuit far from

the resonance frequency. However, in the resonance frequency range the LCR series branch, i.e. the
piezoelectric propeliesof the quartz, dominates the oscillation impedance.

The equations for calculating the values of therticular electrical parameters can be obtained by solving
the wave equation of motion, using appropriate boundary conditions, and calculating the potential
function at the quartz surface. The resulting mathematical expressions for the BVD electriaat circ
elementsi‘)ﬁ, 6,1, Yo, ando,, of an AFcut quartz at the fundamentalesonanceare:

0 Lf;—Q (28)
5 e 9
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where'Q, denotes the quartz thicknes§,r,] the density of the quartzp the electrode areaQ  the
piezoelectric stres constant, iy ,OEA OPEAUT A1 AAOOEAAIT 1 UtheGléripiifEAT A A
constant Qi - * with— as effective quartz viscosity), and  the dielectric constant of the quartz
material.[197’293’295’296]

ImpedanceAnalysis of the BVDModel

The BVD circuit parameters are obtained by carrying out impedance spectroscopy measurements of the
shear oscillation and subsequent fittiilge model to the raw dataA general introduction in impedee
analysis is given in sectidgh2Ilmpedance Spectroscofyy. 22ff.). There, the contribution ofndividual
electrical circuit elemengto the complex impedance is shown, and how this is reflected in the respective
Bode and Nyquist plots. Moreover, the impedance characteristics of some exemplary electrical circuits
are discussed in subsecti@2.3(p. 28).

In impedance spectroscopy a sinusoidal driving voltage of small amplitude is applied to the system of
interest and the resulting current through the system is measured. This is done in frequency dependent
manner,which is for quartz resortars a narrow range around the fundamentasonance frequency.

The output signals of the measurements are the magnitude of the complex impedamthe ratio of

voltage and current amplitudes), and the phase angle shifietween voltage and current. Regarding

the BVD circuit, the impedance of the resonator consists of the impedance of the motional béanch

(with 04, 64 and"Y; in series) and the parallel impedange , i.e. the stray capacita®,, (cf. Fig.3z7B).

For parallel arrangements of circuit elements, as in the BVD model¢angenient to usehe inverse of

the complex impedance, which is the complex admittaideAccounting for EA  + EOAEET A£4&A8 O
electrical circuits, the complex admittanggof the BVD model is expressed &¥-2%%
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As the admittance is a complex number of the foéin "O B, equation(32) can be separated into its
real part (conductanc&) and imaginary part (susceptan®g, with the expressiong®+2%4
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Inversion of equatiorf32) delivers the complex impedana@of the BVD circuit as
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The respective complex impedance real part (resistaideand imaginary part (reactanced) are
connected with conductanc#(Eq.(33) and susceptanceé (Eq.(34)) by the following elations:

(36)

(37

Besides complex numbers, the complex impedance can also be fully described by its magigadd

phases , according tcEgs.(8) (¥ WY & )and@(« A OA OA).

The impedance of the oscillatiamear resonancés commonly plotted as a Bode plot, by the impedance
magnitude as a function of frequency. Often, the respective phase angle is also displayed, as it
complements the impedance pperties of the oscillation A characteristic Bode diagram of an
unperturbed resonator with a fundamental frequency oMbz is shown ifrig.3z8 A. Damping of the
motional oscillation can be considered negligible, with an gyeioss ofY =100hm. This is due to the

high quality factor of the quartz. Two characteristic resonance frequencies can be defined in this case,
i.e. the resonant™(2) and antiresonant’Q) frequency. There, the imaginary part of the impedance and
the phase are zero. At the lower resonant frequeri@the motional branch exhibits resonance, i.e. the
inductanced and the capacitanc® are resonant. In this case, the impedance magnitsth®ws a
minimum (solid line inFig.3z8 A). For frequencie¥) "Q, the motional branch possesses inductive
properties, which is reflected by a phase shift#80°. This net inductance is in resonance with the
parallel capacitancé at the antiresonant frequenci2, where the total reactance of the BV@rcuit is

zero and where the impedance magnitude has its maximum. Bévand above™Q the parallel
capacitanced is dominating the entire BVD impedance, which can be seeahaseshift (dashedihe

in Fig.3z8 A) of0°.

However, if damping effects are taken into account (€).=10°Ohm), four different resonant
frequencies can be specifiefti¢.3z8 C). With increasing damping ¢hmaximal phase decreases,

and the phase spectrum is broadened, too. Thus, the frequency of minimal impedance differs from the
frequency of zero phase at series resonance. And also the frequency of maximal impedance differs from
the frequency ® zero phase at parallel resonance. Hence, the resonant frequ&hdivides into the
frequency of minimal impedanc® s and the series resonant frequen®y at which the reactance, i.e.

the impedance phase, of the motional branishthe BVD circuit is zero. The antiresonant frequeiy
separates likewise into the frequency of maximal impedai@ge and the parallel resonant frequency
"Qat the high frequency regionF{g.3z8 C) The frequencie®Qs and™Q as well asQs and’Q,
diverge with increasing damping values™df, as indicated iifrig.3z8 B.

The presentation of the complex impedance of a BVBUitrin the Gaussian (complex) plane shows a
circular shapeRig. 3z8 D). The frequency with the shortest impedance vector represé@ts , whereas
the frequency with the longest impedance vector@s; . The circle exhibits two points with a phase
angle of zero (where the circle crosses the real axis), the respective frequencié atrdower
frequencies andQ at elevated frequency valueslab.3z5 lists the mathematical expressions for
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calculating the characteristic parameters of a quartz resonator by the BVD equivalent circuit elements.
The effect on the oscillation impedance curve shapég(3z8 A) by variations in the BVD cirit
parametersd ,0 ,'Y , andd was described and discinto ussed by Yang and Thom$#n.

1065 Il ' l 1120 5015F | | o

10°} oo i
3 i L

{30 5.010 .

10'[ -

—|Z|/ Ohm
o
fl MHz

II 1{-60 5.005 ‘-

10 1 1 1 1 1 1 1
5.000 5.005 5.010 5.015 0 500 1000 1500 2000
fl MHz Rq/ Ohm
C T T T T D
i N w
I lif“é l' l-lif“é Lo €
I T 60 :
I -l A
K . \ 30 | \l.
10*F ' \ 0 )v Re(2)
£ i 4 0 — min -,
S ! \ — maxfl—
N : . {-30 sl
N , X N
|_ / \\ LL%#4
7 v {-60
3l . -- - S S
10°} % 100

5.000 5.005 5.010 5.015
fl MHz

Fig.3z28 (A) Bode diagram of a BVD equivalent circuit for 8Bz quartz resonator with
negligible energy losses of the oscillatiovi (° ), with the impedance magnitudgis(solid line)
and the phase shit (dashed line) as a function of frequerithear resonance. At the resonant
('Q) and the antiresonanf'Q) frequency there is a zerrossing of , andisis minmal (@'Q) or
maximal (@Q), respectively(B) Increasing dampingY ) of the oscillation causes separation of
the resonant frequencyQ (antiresonant frequencyQ) into frequency of minimal impedance
Qs (frequency & maximal impedancéQs ) and series resonant frequendé (parallel
resonant frequencyQ). (C)Bode plot and D) Nyquist plot of BVD equivalent circuit for a damped
5MHz quartz resonatorY ). According to A\Qis separated into'Qs  and™Q and'Qinto
Qs and’Q respectively, with increased valuessf. The impedance has a circular shape in the

complex plane (Nyquist plot). The characteristic frequencies are inglitalvith arrows.
'Y =100hm(A),"Y =1kOhm(C) 0 =46.7-10%H,0 =2.165510%4F,0 =7-10?F.

Theimpedancespectraof an undamped and a dampeB\VDoscillator, as they are shown kfig.3z8, are
illustrated in 3D representations 815 (p. 263), by3-D Bodeplots (Ssvs.s vs."Q and 3D Nyquist plots
2 Ao vs.BD 1 vsQ.
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Tab.3z5 Impedance parameters for aAT-cut quartz resonator expressed by the electrical
elements of the BVD equivalent circiii#7 2%

Parameter Expression Parameter Expression
P P P p P
B T S @9
P P 0'Y p P 6'Y 6
P P oY P p 6'Y 6
— 42 — —_— — 4
do . Y @y deg. ot =
e 1Y A

Impact of Different Loadings on theResonator Oscillation

As shown in the previous section, the mechanical oscillation of an unperturbed quartz resonator can be
described by an equivalent electrical oscillation, due to electrechanical coupling fopiezoelectric
materials. The BVD circuit is an appropriate electrical equivalent circuit for a quartz resonator that
resonates unperturbed in air. The correlations between the BVD circuit parameters and the mechanical
properties of an AJcut quartz diskare given in equation§28) z (31). However, any rigid, viscous, or
viscoelastic loading (or any combination) has an impact on the oscillation properties of the quartz. This
is reflected in changes of theharacteristic impedance parameters of the oscillation. The perturbation

by the surface loading can be treated as an additional motional impedance contribdtian series to

the motional impedance® of the blank unperturbed resonatdt®”2°lIn the BVD circuit, this is
considered by an additional impedance element in series to the motional branch, as it is illustrated in

Fig.3z9.

e
1€

Fig.3z9 A perturbation of a resonator by a surface loading can be considered in the BVD
equivalent circuit by an additional motional impedande , in series to the motional branch
impedance of an unperturbedgksonator,® .

Thus, the motional impedancé of a perturbed quartz oscillation is given by:



3.3The Quartz Crystal Microbalance (QCM) 43

(A (46)
With Eq.(46), Eq.(32) then can be extended to:

p

® o
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By determining the circuit parameters of an unperturbed quartz prior to a loading, it is possible to
calculate the impedance that arisé®m the loading. With an equivalent electrical model for the loading,
the BVD circuit (for an unloaded resonator) can be extended by specific, corresponding impedance
contributions. In this case, it is possible to calculate specific mechanical propgtidgheir changes) of

the quartz loading, by impedance analysis of an QCM measurement. According to Bandey £1999)

the additional motional impedance of a perturbed resooacan be approximated by:
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where is the electromechanical coupling factor for quattz, is the angular series resonant frequency
@ ¢“"Q), ® is the surface mechanical impedance, aiddis the quartz characteristic impedance
(@ 77 where” is the quartz density and is the quartz shear stiffnessy. andé represent
the real and imaginary parts of the motional impedance of the surface load. Expressians\of and

& for three basic loading conditions (ideal mass layer, Newtonian liquid (gginite), and seminfinite
viscoelastic layer) are summaeid inTab.376.[97297]

RigidMass

An ideal mass layer (rigid and sufficiently thin) as surface loading on the resonator fulfills the Sauerbrey
requirements. Theadditional masdayer synchronously oscilles with the resonator. Hence, an ideal
mass loading causes no energy losses of the oscillatior 0), and any oscillation energy is stored as
kinetic energy of the moving mass. This is reflected in the motional impedance of the loading being
purely imaginary. The load impedande of a rigid mass is a function of frequency and densitgf the

solid layer, and thus is purely inductiv®é ( B> E 0; Tab.3z6 A). Consequently,” influences the
series and parallel resonant frequencies, whereas it does not contribute to the nuagnitf impedance
minimum and maximum (cfTab.3z5). This is in agreement with the Sauerbrey equation (E§) that
relates a deposition of mass with a negative frequency shift.

Newtonian Liquid

In the case of a liquid in contact with one resonator surface, both energy dissipatiorafd energy
storage (0 ) of the oscillation can be observed. The liquid viscosity and density cause damping of the
acoustic wave propagation. In cases of a Newtonian liquid of -gefimite thickness (film thickness >>
decay length of the acouise wave), the motional impedance of the loading can be expressed by equal
reactance and resistance part§gb.3z6 B). The surface mechanical impedanieis a function of the
density-viscosity product of the liquid. Hee, any characteristic impedance paramet&@{ g%
QQRs W ,Q ande ) is altered, with respect to the unperturbed quartz (thb.3z5).
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Semikinfinite ViscoelasticBody

The impedance contribution of a viscoelastiarface load(of semiinfinite dimensiong to the entire
oscillation impedance can laescribedby its complex shear modulti€(Tab.3z6 C).*%"2%For instance,
viscoelastic damping occurs, when cells are seeded on the quartz resonator. A cell layer exhibits viscous
properties, whicharemainly due to the cytoplasm and the viscosity of the interfacial layer between cells
and quartz surfae. On the other hand, the lipid membranes and the cytoskeleton network add elastic
properties to the cellsAside from the complex mechanical properties of individual cells, consisting of the
mechanical contributions of all cellular components, also mesbtalattributes arising fom next higher
organizational structuesof individual cdls, i.e. 2D monolayers or-® clusters, contribute to the total
mechanical characteristics of celldence, there is not yet a suitable mechanical model available for
cells [27:2%1 However, the viscoelastic properties of a cell layer, and their changes, can be measured
sensitively by means of impedance readings of the quartz oscillation and subsequent impedance
analysis. This delivers information about the nh@mnical interaction of cells with the growth substrate
during the processes of cell attachment and spreading, as well as information about subsequent
cytomechanical alterations. Hence, the QCM can be utilized as a wdalebiosensor for detecting
mechancal cell responses towards specific physical, chemical, or biochemical external and internal
stimuli.

Tab.3z6 Three basic loading conditions on a TSM resonatdi:Rigid mass,(B) Newtonian
liquid, and (C) Semi-infinite viscoelastic layerand their respective BVDequivalent circuit
extensions Expressions for the surface mechanical impedange the resistance ¢ ), and
reactance ¢ ) of the complex motional impedance of the load () are listed. Thereby, is the
density of the sat layer,” is the density and- the viscosity of the liquid loading, is the
density of the viscoelastic film, ari@is the complex shear modulus of the viscoelastic laj@r (

'O BO and$S@ O 'O , where'Ois the storage modulus aniD is the loss
modulus)!e7.297]
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3.3.3 Experimental

Quartz Resonator Layout

In this work, quartz resonators with different electrode layouts were usEde classical-Electrode
quartz (1EIQ) layout with a circular gold film electrode evaporated on both sides of the quartz disk is
shown inFig.3z10A. On the basis of this classical layout, a novel electrode layout witrtirealar gold

film electrodes on both quartz surfaces (2EIQ) has been developed in this Rigri8g10B). The2EIQ
layout is used for QCM readings witlvo sensor spot@and, after further modifications for combined
QCMECISmeasurements. The sensor layout and the implementation of GE®IS measurements with

the 2HQs is described below in sectidh4.4 (p.56ff.). The 5MHz ATcut quartz resonators we
purchased from KVG Quartz Crystal Technology GmbH (Neckarbischofsheim, Germany). The disks had
a diameter of 14nm and wereproducedwith either one circular gold film electrode @6 mm; Fig.3z

10A) or with two electrode$d =3.5mm; Fig.3z10B) on either side, and with electrical supply lines from
the disk edge to the electrodes in the center.

B
3.5 mm
p ,1— = * e .

Fig.3z10 Different electrode layout were establishedon 5MHz ATcut quartz disks
(Q=330um). On the resonators either oné( 1EIQ) or twoK; 2EIQ) circular gold film electrode/s
was/were evaporated on both quartz surfaces.

Quartz Cleaning

Prior to an experiment, the quartz disk was cleaned by a tatep standard cleaning protocol. Firstly, i

was treated witha % /v OAT I A Al AAT Xod OI 1 OOETT | %l i A (ATC
Germany) in an ultrasonic bath at 70 for 30min. Afterwards, the resonator was washed 8 times

with deionized water and subsequently sonicated inatézed water at 70C for 30min. This step was

repeated once again, for completely removing residues of quartz loading and cleaning solution from the
surfaces. Finally, the resonator was air dried over night, or dried in an incubatBriforat 50°C. The

cleaned quartzes were stored under dry and dfrete conditions until usage.

The gold film at the edge of the disk, needed for contacting the top electrode from the lower side of the
resonator, was often damaged in the course of the cleaning procesds.cimnection was renewed by
connecting the electrical supply line on the top side and the contact pad on the lower side of the quartz
disk with a drop of silver conductive paste (Busch; Viernheim, Germany). The conductive paste was either
dried over nightat RT or for h at 50°C. Thereby, the conductivity and consequently the oscillation
excitation of the resonator could be preserved.
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Spin Coating and Photolithography on Quartz Disks

Structuring of the electrodes on a 2EIQ sendeig(3z10B) was necessary, in ordersgstematicallyload
one surface electrode of a 2EIQs senwdth a rigid mass layesind to realize and optimize ECGIB8ode
measurements on 2EIQ substrates (cf. secti®d.4 p.56ff.). Thiswas achieved by spira coating
photopolymer (PhoP) orone side of the resonatorand subsequently removing defined areas of
photoresist by means of photolithography.

Coating was performedsinga selfmade spin coater (Dr. F. H6hn; Institute of Biochemistry, University
of Munster, Germany). Prior to coating, the cleaned quartz substrates wegeentiallywashed with
acetone and isopropyl alcohol, in order to remove organic impurities as well as dustte surface. The
substrates were subsequently heated to 12D for 30min, to remove solvents residues and any surface
water. Spin coating and photithography of the photoresist werperformed stepwise according to the
schematic illustration irFig.3z11
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Fig.3z11 Schematic illustration of the spin coating and photolithography processes on a 2EIQ
substrate. Firstly, the substrate was poeated with an adhesion promotgR), (B), followed by

its thermal activation(C) Then, a psitive photoresist was spin coated at defined rotational speed
(D), (E). After a short softbaking periodF), the photoresist was illuminated with UV light through

a specific maskG). At irradiated areas the photoresist was destabilized, which was sulesgty
removed/ developed by a sodium hydroxide solut{df). After rinsing with deionized water, the
photoresist structure is stabilized in a final havdke(l).

yl. A EEOOO OPET AT AGEI ¢ DPOI AAOOh 04) olodelvellas | - EAO
adhesion promoter for the PhoP. The quartz disk was placed on the spin coating holder by adhesive
plasticine. A drop of the promoter was carefully placed in the middle of the rotating substrate at ambient
temperature, and at a spin velocity &00rpm. 20s of spin coating were sufficient for obtaining a

uniformly thin layer of theadhesionpromoter. The substrate was placed in the oven at AG@or 10min,

in order to activate the promoter. By this step, the primarily hydrophilic quartz serfaas converted

into a more hydrophobic surface, which then promoted a much more uniform spreading and adhesion of
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was spin coated at a defined velocity andiwa spinning duration of thin. The applied rotation speed

was adjusted to values between 2008m and 400Gpm, depended on theequired thickness of the film

Standard structuring of the 2EIQ surfaces was performed at a spin velocity ofrBa00After applying

the photoresist, the substrate was placed in the oven for soft baking aCO@r 30min. The coated

substrate was then illuminated through a specific mask with-ligitit for 2min. The photolithography

i AOEO xAOA AOAx1T xEOFEODGA ORI & 2017MHOx HAD EJEAIOOAT  #1
Canada) and injet printed on a transparent slide in black at maximum saturation (masks are shown in

Fig.3z12).
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Fig.3z12 Photolithography masks (scale of 2:1) for structuring 2EIQs with a positive
photoresist. llluminated areas of PhoP are destabilized; opaque areas represent the remaining
PhoP after photolithography(A) Mask for completely covering one surface electrode (half of the
disk surface) with photopolymer. The dashed red line (not part of the mask) indicates the
positioning of the mask on a 2EIQ. Rectangular structures at the borders of the mask (indicated
with an arrow) helped for an exact and reproducible position{Byz (G)Photolithography masks

to establish different working electrode layouts on quartz resonators for ECIS mode
measurements. Hole diameters were adjusted (8) 250um, (C)500um, (D)1 mm, (E)2 mm,
(F)10x 25Qum, and(G)10x 50Qum. (H) Exemplary, final PoP structure (orange) on a 2EIQ, after
spin coating and subsequent ptadithography by applying mask.

As the applied photopolymer was a positive photoresist, the opaque masks represented the remaining
photopolymer structure on the substrate after the ptodithography process. The UWluminated
photopolymer was destabilized antemoved by rinsing the substrate with NaOH solutiong(L in
deionized HO) for 20z 30s. After that, the substrates with the final photopolymer structure were rinsed
twice withdeionized water, for completely removing the base with the dissolved photopolymer. In a final
hard bale, the substrate was tempered at 118 for 2h, in order to achieve maximal thermal, physical,
and chemical stability of the coating.

Quartz disks wittphotopolymer structure were stored dry and protected from light and dust until usage.

In the forerun of an experiment under liquid, like cell attachment studies in culture medium, each sensor
with a coated photopolymer layer wasymersedin serumfree medum (SFM) for at least 20. This was

done in order to uncouplequilibrationeffectsfrom the cell signals in the course of an experiment.
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Hardware z MeasurementChamber

For QCM experiments, the quartz disk was mounted between two components of the imoade Teflon
measurement chamber, as illustrated on the right hand sideFaj.3z13 The lower component
comprises two/ four golegpated spring contactdo make contact tothe impedance analyzer with the
1EIQ/ 2EIQ resonator froiie lower side. An illustration of the modified chamber contact 2EIQsfor
QCMECIS measurements shown inFig.3z18 (p.58). The second Teflon element was a cylindrical
chamber that was mounté from the top on theresonatorand which served as reservoir for QCM
measurements under liquidO-rings were sandwiched diween the quartz disk and each Teflon
component Fig.3z13. These served for a tensionless fixture b€ tresonator between the Teflon
components on the one hand, and for sealing the reservoir on the other hand. Mounted in the
measurement chamber, the quartz possessed an accessible cell growth apeh bicm?.

In the course of QCM measurements under liquid, an additional Teflon stamp was used to seal the
cylindrical chamber. This was used to minimize the evaporation of the lifjaid the chamber, since
continuous changes in liquid height cause pdigal interference inthe measured QCM signdly
longitudinal waves that are reflected at the liquéadr interface??®® Moreover, the sealing with a stamp
ensured sterility to a certaiextent within the reservoir. However, the stanfyad small holes in order to
guarantee air exchange between the measurement chamber, i.e. the cell culture medium and the cells
on the quartz, and the ambient atmosphere. The whole QCM measurement chambeslaeed into an
incubator with temperature (37C) and C@control (5% /V) in air) (Revco, Thermo Fisher Scientific;
Waltham, MA, USA) to meet cell culture conditions. Cables for contacting the quartzlegfirem inside

the incubator through the rubbeseal of the incubator door to the outside and were connected to a
computerAT T OOT 11 AA OXWE-BPEADPRDABRAT BBXOB AEBT T AOOOT 1
The IA featured an operating frequency range frompHr to 32MHz, with a frequency redation of
0.015ppm, 0.1% magnitude and 0.1 degree accuracy, and 0dBkand 0.01 degree resolutidit?

Impedance
Analyzer

Fig.3z13 Experimental setup for measuring thescillation impedancé) ; .of a conventional
1EIQ. The quartz disk mounted in a homemade Teflon measurement chamber, for electrical
contacting of the electrodes, and in order to have a liquid vessel on top of the resonator. The
measurement chamber was placed in an inatdy for cell experiments (31C, 5% C(Q), with the
wiring broughtto the outside to connect it with théA and the PC.
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Software - QCMMeasurements
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Texas, UB), programmed by J. Wegener (Institute of Analytical Chemistry, Cheamal Biosensors,
University of Regensburg, Germany). A sinusoidal voltage ofn18Qvas applied to the electrodes on
the quartz surfaces and the resulting complex impedance (phase aghitude) was measured by the

IA. The data was readut and stored by a personal computer. This was done forzZ8ID equidistant
frequencies near the fundamental resonance. For the standard range of&£94MHz, this means a
frequency resolution of @6z 300Hz. Impedance spectroscopic scanning of the oscillation was
performed in timeresolved manner. The scanned frequency range and the number of frequencies within
this range were adjusted for each experimantmeet time- or frequencyresolution of he spectraas
required

Experimental Implementation

Before all QCM experiments, an impedance spectrum of the mounted quartz in area@sledand the
oscillation parameters of an unperturbed quartz disk were obtained. Moreover, it was used to check the
quartz for contacting problems and for its unperturbed oscillation, prior to starting an experiment. The
parameters of the lossless oscillation were also needed for modeling the oscillation impedance, i.e.
calculating the contributions of the loading to ¢hentire acoustic impedance.

Prior to cell experimentthe whole QCM chamber was sterilized by plasma treatment. In this case, the
Teflon measurement chamber, comprising the mounted quartz and the stamp for closing the chamber,
was treated with argon plasmin a plasma cleaner (Harrick Plasma; Ithaca, New York, USA)for 1

and at highestenergy level. Immediately after plasma sterilization, the measurement chamber was
sealed with the stamp and covered with aluminum foil, in order to avoid contaminafitne cell
suspension was added to the QCM chamber in the laminar flow under sterile conditions. Afterwards, the
measurement chamber was placed in an incubatorr(3,7/5% (/v) CQ), the electrodeswere contacted

to the IA, and the QCM recording was starteBixperimental variatios and the details of cellular
experiments & described irthe resultssectiors.

Data Processing

The characteristic oscillation parametei@; andg® were extracted by fitting the impedance
spectrawith a spline functionin the resonance regiargids  wasplotted as function of timesinceit
representsthe QCM key parameter fordetecting and monitoringviscoehstic changesat the sensor
surface. Théime coursesverepresentednormalized to a certaineferencedata pointpf the experiment
On the one hand, thifacilitated to average measurementswith different initial values andpn the other
hand, this also enabledthe graphic omparison of time coursesbtained from different experiments
Potentialdifferences in the extentr/ andin the kineticsof g8  changeswerevisualized in this way

Experimentswere usuallyrepeatedseveral times in order tgenerate data packages for thaugpose of
averaging. This servea basis to resolve and discriminate random signal fluctuations and distinelsig
changesof the monitored cell populatiomnd, thus, to confidently identify significant and reproducible
viscoelasticeffectsrelated to the cell layer
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SensorRegeneration

Quartz disksweretypicallyreused several timefor experiments.The quartz dskswereregenerated by
multiple cleaning steps in ordeotre-establish goure sensor surfaces and, thus, to enswensistently

good oscillation properties. At first, any organic adsorption on the quartz disk was oxidized by washing
it in a 3:1 mixture foconc. HSO, and 3% (v/v) HO- for about 30min. After several washing steps with
deionized water, the resonator was further cleaned beforeusage, according to the procedures
described above in subsectidguartzCeaning(p. 45).

3.4 Electric CeliSubstrate Impedance Sensing
(ECIS)

Electric CellSubstrate Impedance Sensing (ECIS) is a-imvasive and labelree measurement
technique that was presented by Giaever and Kees in 198®.iA§ OPET 1 1 CEAAT AET OAT OI ¢
A A 18 tidsdtechnique has been widely used in a variety oflcaled applications and has been further
deweloped in the past 30 yeal®:%301.3024t has beensuccessfully applied as very sensitive technitpe
monitor barier functionality changes ofell layes towards differentkinds ofstimuli. ECISs already a
well-establishedmeans forthe fast and sensitivéesting of cytotoxic effectsas well which is due to its
sensitivity for cell morphological changés-’-102111.11811730%305 \greover, he ECIS principlaasproven

to be a usefull tool for monitoringellular motility, referred to as micromotion, by tiraesolved readings

of impedance fluctuation$$°7.26430%6IBesidestheses variousapplicationsof cellular sensingthe ECIS
electrodes have also beattilized asactuatorsfor the directed manipulation of cell layers by electrical
fields. This can be basically categorized into the pndestructive and reversible short-term
permeabilization and the irreversible damaging and wounding of the cells sitting on the ECl8$avork
electrodg(s), depending on the chosen values of the electric pulse parameters, frequency, duration, and
magnitude. By applying the principle mentioned first, a shagrm opening of the cell mambranes
enabled the diffusiordriven transfer of moleculeand xenobiotics that actually are cethpermeant
directly into the cytoplasm. The cell response towards the pulse itself or to the introduction of substances
were then monitored by ECIS°2%Following the second principle, by applying voltage pulses of high
amplitude and long duration (few seconds), the cell layer on the working electrode was successfully
wounded.The thus geneated, well-defined wound allowed for various wound healing assays teirte
monitored by ECI$.%93933@L3IFyrther developments of ECIS aimed for combining it with other label
free sensor techniques like SPR (surface plasmeanance) or QCNA122:236267.274 he following sections

will address the ECIS principénd the impedance properties of calbvered electrodes. Finallghe
integration of ECISike measurements in the QCM setup prmed simultaneous sensing of both
viscoelastic and electrical properties of adherent cells in one experimental setup.

3.4.1 BasicPrinciples of the ECISechnique

Like QCM, ECIS is an impedimetric measurement technique. A schematic drawing of the ECIS principle
is shown irFig.3z14. Cells are seeded on two coplanar gold electrodes that serve as growth substrate for
the cells. The buffer or cell culture medium on top of the cells conductively cosbett electrodes. A

weak and nornvasive AC voltage is applied between the electrodes, and the resulting AC current flow
is measured. Thus, one obtains the complex impedance of the system.
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Fig.3z14 Schematic drawing of the ECIS measurement principle. Two electrodes (a small
working electrode,and a >100fold bigger counter electrode) are used as culture substrate for
cells. Cells impede current flow between the electrodes. High frequency (hf) current passes the
cellsontranscellulapathways whereas low frequency (If) current flows parallularpathways
beneathand betweerthe cells andhroughtight junctions (zoomedin detail in the drawing).

The impedance is measured spectrosc@llig in a wide frequency randef. 3.2lmpedance Spectroscqpy
p.22ff.). In the celifree situation, the entire impedance signal is determined by the interface impedance
of the electrode at low frequencies and by the bulk resistance of theimmech the high frequency range.

If cells cover the electrodes, the current cannot flow directly &anmks extra impedance contributions,
OET AA AAI 1 O AAEAOGA T EEA ET O0O1I AOET ¢ PAOOEAWRO8 4E
the gradual coverage of the electrodg§ig.3z14). As the applied potential between the two coplanar
eledrodes is in the range of 1@V, ECIS ison-invasive. By means of EQiSe can monitor the processes

of cell adhesion, spreadingnd proliferation as they a#iffect the impedance of the system. Moreover,
ECIS can also be used to study established confluent cell layers without the need to label the cells.
Changes in the cell shape, membrane capacity,-celll as well as ceflubstrate contacts give rise to
changing current pathways and impedance, respectively. Additionally, cellular motility is expressed by
the dynamicformation and release of celtell and celsubstrate contacts. This cellular micromotion is
reflected in impedane fluctuations of the cell layer, which can be measured by performing rapid
impedance monitoring at a single frequency.

The way current flows through the cell layer is determined by the frequency of the applied AC voltage
(magnified scheme ifrig.3z14). The impedance contribution and the frequency dependence of current
pathways, however, are different for each cell type and has to be individually determined. At low
frequencies the current is forced to flosm paracellulapathways through the cell layer. This means the
current flows under thenisulating cell layer and through the clefts between neighboring cells (indicated
in Fig.3z14by arrows with a solid line). Thus, the low frequency impedas@mminated by impedance
contributions arising from the small cleft between theetrode and the cellas well as from the electrical
properties of the ceiftell contacts In the high frequency regiahe current flowsranscellulaty through

the cell andt has to cross the lower (basal) and the upper (apical) membrane of the (epithelial) cell layer
(indicated inFig.3z14 by arrows with a dashed line). At elevated frequencies the lipid bilayer behaves
electrically as a capdor, which means that the entirdranscellularimpedance can be electrically
described by a series combination of two capacitors.

The ECIS electrodes are of different size, in order to define a small working electrode (WE) and a
(D 500-fold) bigger counteelectrode (CE). By this, the overall impedance of the system is not dominated
by the bulk resistance of the electrolyte between the electro@desl the counterelectrode itseliThe
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bottleneck of current flow is now the interfadmpedance betweethe WEand the electrolyte. The latter
isaffectedby the electrical properties of single cells or a confluent cell layer. The sensitivity of impedance
measurements can be tuned by changing the size of the WE. Higher impedance sensitivities are achieved
with a smaler WE size. However, with decreasing electrode area the electrical properties of only few cells
of the whole cell layer are measured. This is a drawbbekausethe measured signatmay not be
representativefor the whole cell layer. Hence, the electrodizes have to be adjusted to the specific
requirements of an ECIS experiment.

3.4.2 ImpedanceProperties of (Cell Covered) ECIElectrodes

When mmersing ECIS electrodes in an electrolyte and measuring the impedance of tHeeeedlystem

over a broad frequencyange from 1Hz to 1IMHz, one obtains characteristic curve shapes for the
impedance magnitudexs "Q and the phase shift angle "Q. Simulated impedance spectra for ECIS
electrodes in contact with ghysiological bufferare shown inFig.3z15( ---). Looking at the phase
spectrum of the celfree ECIS electrodes, it can be seen thatcharacteristis are similar tothat of a
simple RC series circuit, whiblas beerdiscussedbove(subsectior3.2.3 p.28), and whose impedance
spectrum is shown imab.3z4 A (p.29). In the high frequency range'(>10*Hz) the phase angle
converges to zero. Hence, the systems impedance is solely resistive and is dominated by the bulk
resistance of the electrolyteY . This can also be seen in the impedance amplitude spectrum of the
cellfree system Fig.3z15A, ---), where the impedance magnitude exhibits a frequency independent
value, i.e. only resistance contributions, at higher frequencies. In contrast, the lower frequency range
(‘< 1(¢* Hz) is almost exclusively represted by a capacitor, as the phase angle converges tonstant

value close t&00° and the impedance magnitude exhibits the characteristic frequency dependence of
a capacitor. This capacitive impedance originates from the electrical double layer prepeitithe WE.
However, nonideal capacitive behavior of the WE can be recognized in the phase shift angle, as the
phase is not exacth®0° but is shifted to slightly higher values. This is due to roughness and
inhomogeneity of the electrode surface, wdh give small but significantesistivecontributionsto the
almost entirelycapacitive impedance of the working electrode. Hence, the impedance of the electrode
is better represented by a CPE, which considers these effects.

With cells covering the electras, the impedance situation is different. The impact of a confluent cell
layer on the impedance of ECIS electrodes is simulateBign3z15(—). The impedance is neither
influenced in the very high nor in the very low freqagmregion by the cell layer. The spectra with cells
superpose with the spectra of the céikee electrodes foiQ< 10 Hz and'®> 1¢° Hz. However, impedance
contributions due to the cells arise in the frequency region in between. In the phase spectcalthe
induce a phase shift maximum and minimum. Coming from higher frequencies, there is an earlier
decrease in the phase for celbvered electrodes in comparison to céite electrodes. This is due to
additional capacitive contributions to the systemhich originate from the lower and the upper lipid
bilayer of the cell membrane. At lower frequencies the phase rises to a maximum value and subsequently
decreases and approximates to the value of the-trele electrode. This phase recovery is causedhgy t
increasing resistive properties of the cell layer in the lower frequency band. The resistive contribution is
maximal at the frequency of the maximal phase shift. In the impedance magnitude, this cellular
resistance contribution is reflected in an alméstquency independent plateau. This is related to current
pathways beneath and around the insulating cell bodies, in particular from current flow througbetiell
contacts. The impedance curve shape of the -ceNered electrodes in the frequency rangd o
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10'z 1P Hz can be compared with the electrical properties of an RC parallel circuit (R||C), which were
previously discussedf. Tab.3z4, p. 29).

It has to be mentioned that the simulated iragance characteristics of the calbvered electrode in
Fig.3z15 are not only determined by a capacitanée in parallel to a resistanc& (reflecting the
capacitance of the cell membrane and the resistance ofasllcontacts, respectively), but also by a third
parameter, , which reflects the frequency dependent impedance contribution of thecellblar cleft
(Fig.3z17, for details, see subsectidh4.3. The further parameters of the used transfer function are the
membrane resistanceY , and the parameters, o andoy o §f the empirical constanphase element

(Eq.(18).

A f T T T M B T T T

------ w/o cells 1 ------ wlo cells

— w/ cells O — w/ cells /

Fig.3z15 Simulated impedance spectra (Bode plot) of the magnitigls(A) and the phase
shift angles (B)for ECIS electrodes in contact with an electrolyte. Specteashown for celfree
electrodes (w/o cells;,--), and for electrodes covered with a confluent cell layerc@lls;,—). For
simulation, the modeproposed by Wegener and Hakvoat al. (2000}**/was used, which is a
slight modification of the original model @diaever and Keed&! (cf.3.4.3. Folowing parameter
valueswere applied’Y =90m-cm? 6 =3pFcm®| =16mY2cm,"Y =2000mfY  =1000mh
€4 0%0.95,and0y o 7 1.5-10% F-s"%.cm®, for anelectrode area of 5.0% cm?.

The spectra of the compleimpedanceshown inFig.3z15 can be split into real part and imaginary
contributions, according to Eq7) (p. 24). The real part thereby represents an equivalent resise and
the imaginary part represents the eq@lent capacitance of the systenthus, the impedance spectra (in
Fig.3z16A) can béroken up irthe two individual spectra of the resistandeid. 3716 A) and capacitance
(Fig.3z16B).

The separation of the complex impedance into equivalent resistance (real pad) ahd equivalent
capacitance (imaginary part ab) allows for a more detailednd analyticalview onthe electrical
propertiesof the cell layer. The resistance and capacitance spectfagr8z16can be roughly separated
into four frequency ranges, in which different impedance contributions domirater the others. As
already mentionedabove in the low frequency regioriCk 10' Hz, rangd in Fig.3z16) the impedance
arisesmainly from the doublelayer capacitance (CPE) of the electrediectrolyte interface,whereas
the bulk resistance of the electrolyte dominates the impedance in the highuency range (> 10° Hz,
regionlV). Two regions can be defined in betweehhe first is centered@round 18Hz (regionll), the
secondaround 18 Hz (regionlll), whereas theesistance is very sensitive to the cell layer in the former,
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the capacitane isin the latter. The lowfrequency resistancis mainly provided bparacellulapathways
of the currentand thus can be used for following changes in the barrier resistance afetdetontacts as
well as of the gap resistance between the basal ce&linbrane and the electrode surface (Eig.3z14).
Independent of these properties th&anscellularcurrent pathwaysare reflectedin the capacitance
values at high frequencies. Henceisimeasure for the degree of membrareverage on the lectrode
and thus the hf capacitance can be applied to monitor the intactness of the cell membraafle
attachment,and cell detachment, respectively.
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Fig.3z16 Spectra of the equivalent resistand@) and the equivalent capacitancg) were
extracted from the impedance spectra shown kig.3z15 Thereby,Y represents the real part
and ¢ ic calculated fronthe imaginary part of the complex impedandd Spectra are shown for
the cellfree (---) and the celcovered () situation on ECIS electrodeBor simulation, the
model proposed by Wegener andakioort et al. (2000f** was used, which is a slight
modification of the original model of Giaever and Ke&§Hcf. 3.4.3. Following parameter values
were applied'Y =90mcm? 6 =3puFcm% | =16mY2cm,’Y =2000mhY  =1000mh
£40%0.95,and0y4 g 1.5-10° F-s".cm®, for anelectrode area of 5L0% cn?.

By extracting the equivalent resistance and the equivalent ci#fpace from the ECIS readings,
impedance spectroscopy provida basis for sensing the morphological propegof a cell layer and
allows a quatitative evaluation of the experimental datia terms of cell morphologyBy monitoring the
complex impedancen the relevant frequency regions, one can follow the general resistance and
capacitance contributions of a cell layer in the course of an assay. This may be the capacitance drop in
the course of cell adhesion and spreading, the increase in resistancefaymoation of celicell contacts,

or a capacitance increase due to rounding of cells and detachment from the surface when they die. The
latter effect can be used for evaluating the cytotoxicity of certain substances or stimuli to the cell layer.

If there B no need for a structural resolution of the toxic process, the complex impedance and the
ANOEOAT AT O OAOGEOOAT AA AT A AAPAAEOAT AAnh OAOPAAOGEOA
cytotoxicity. The impedance raw data thus providesoughinformation for a general discussion of the
system. This is sufficient in many assay formats.

However, if a detailed analysis of the biological origin of impedance contributions is of interest, modelling
of the integral impedance data is necessary. A suilelectrical model for the impedance of a eell
covered electrode is addssed in the following section.
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3.4.3 Modeling the Impedance of theCell-Electrode Interface

As mentionedabove impedance spectra provide the integral electrical properties of the entjstesn.
Changes of the total impedance in a complex system therefore are difficult to interptete detailed
information can be extracted from the recorded impedance spectra by subsequently fitting the
impedance data with a transfer function of an apprige electrical model.

Such & electrical equivalent model for a confluent cell layer on electrodes was introduced by Giaever
and Keese in 199%% The model takes structural eleemts of a cell layer and properties of the eell
electrode interface into account. The similarity of the impedance spectrum of dreellelectrode and

the impedance of a RC series circuit was already discussed in the previous section. Thus, in a first
approximation an RC equivatnt circuit adequately describebe interface of an electrode in contact
with an electrolyte. However, the capaaitce of the electrode is replaced by &0 ‘Gn the original
model,according to the proposal of Wegener and Hakvoort e®#ff, in order to take norideal behavior

of the electrode into account (cf. 7). Thed 0 ‘@ connected in series with the bulk resistari¢e of

the electrolyte. In the case of a conflueoell monolayer on the electrodan additional impedance
contribution @ due to the cell layehas to be considered. A schematic illustration of the model and the
respective equivalent circuit is shown kig.3z17 For this model, cells are approximated as uniform,
cylindrical bodies of same size (radiu anddistance Q) from the electrode surface. The impedance

w includes three characteristic parameters arising from the cell layer, which are the specific average
membrane capacidnced [uF-cm®] of two membranes in series, the barrier resistarof the cekcell
junctions'Y ¥ mm?, and the parameter ¢ #f-cm] (Fig.3z17. The latter describes the electrical
properties of the cleft between the cells and the gold electrode. Hehcis, a function of the cél
electrode distanc& the average cell radius, and the specific resistivity of the subcellular electrolyte
", and is defined by:

| i 0 — (49)

The total impedance of the cetlovered éectrode ® is a function of the CPE impedanée (cf. Eq.
(18), p.27), the membrane capacinced (expressed as cell membrane impedange), the junctional
or paracellulabarrier resistancéy , the parameter (represented by the unitless terinf , according to
Eqg.(5)), and ofthe bulk resistanc& .&  is given by:

&
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and where"O and "O are modified Bessel functions of the first kind of oraeaind p8
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Fig.3z17 lllustration of the impedance modébr a celicovered electrodeccording toGiaever
and Keesd®® and Wegener and Hakvoort et &4, Cells are approximated as cylindrical disks,
with an uniform height, an average radius and a mean distanc@to the electrode surface. The
cell layer augments the impedance of the elele system (a CPE in series with the bulk resistance
'Y of the electrolyte) by an additional impedance, which includes contrittions o the cell
membrane capacitancé , of theparacellulatarrier resistancéy , and of the parameter that
stands for the cleft impedance between the cells and the electrode.

The impedance measurement of the célée electrodes (immerseith the electrolyte) prior to seeding
cellsprovidesthe values ford  as well as foiy by linear regression of the experimental data
(i1 s 0 B T7Q)inthe low and high frequency range, respectivél§For impedance analysis of
a celtcovered electrode, the only variatdén the model aré ,"Y , and| . These characteristic cell
related parameters are dhined by fitting the model in E(50) to the experimental data by aumeric
non-linear leastsquare optimization By this,the time dependent changes a@f ,'Y , and during an
experiment are availablefrom time-resolved recordings of impedance spectr&tolwijk (2011)
demonstrated by simulations the impact tie individualcelklayer specific parametersn the shapes of
the impedance, resistance and capacitance spectrum of acosired electrodé’!

3.4.4 ECIQCMCombination in One Experimental Setup

The ECIS results shown in the experimental part of this thesis were not obtained by using the
conventional ECIS substrates and instrumentation. One kbjedive was to integrate an ECli&e

electrode arrangement on a quartz resonator in order to combine the two {&leel measurement

techniques of QCM and ECIS on one substrate. Deuiée impedance analysis of cells by combining
QCM-mode measurements i ECISmode measurements was already presented eaffig?19.236.267.268]

For this, a conventional measurement chami@ElQ)was supplemented with an additional, vertical

platinum (Pt) dipping electrode. ECi8ode measurements were perforad by immersing the Pt

electrode into thephysiological bufferabove the quartz electrode. Thereby, the top electrode of the

guartz resonator served as working electrode (WE) and the dipping electrode as counter electrode (CE).

With this setup it is posslb to measure both the stoelastic properties of cells IYCM-mode readings

as well as the morphological properties of the cell lapgrECISmode measurements omne QCM

OAT 01 08 " U OEEPATALD®ADIEN 11h# -OF A} @I b 1ldgicaly upgtaded OAT OT C
O OERATOUOAOET T 1 #E@SQCMsersdr.iHAWETed the additional dipping electrode
ETOAT AOAGETT 1#-06 1 AAAOG O1 OiI 1T A AEOCAAOAT OACAOR 1
the introduction of an additionatntry point for contamination. Moreover, drawbacks arise from the kind

andshape of the dipping electrodas well as from a defined geometrical arrangement of the CE above

the WE. However, reproducible experimental conditions are prerequisites to compare anpediata

of cells from different experiments. In order to overcome the disadvantages of the dipping electrode, a
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novel sensor layout was developed in this project. In this, @lanar electrode arrangemenivas
implemented on a piezoelectric quartz digimilar to the situation on conventional ECIS substrates. By

this, a welldefined CBEwvasintegrated on the sensor surface, which redundantizes the disadvantageous
AEPPET C Al AROOI AA™ERDA @i D Bvindtecthdobidally uaded GEA © O Q

CAT AOAOGETT 1#-0 ET OEEO DPOI EAAOS

4EARA AARAOAT T Pi AT 0/CAAG RO OEGTTT 1GRPOA@ROBDIEIA 1Om0- 6 AOA A
OAOOI 00 OAAOQEI T 08 4EATRAOBOLEIN EQY - Io-m0@ioksliehe®d I0 A0
was investjated in a variety of different cellular assays. Thereby, the complementarity and gain of
information provided bysimultaneous ECKand QCMmode measurements of the same cell population
weredemonstrated (cf5.2QCMECS Biosensop.129ff.).

Quartz Resonator Layout for EClSIntegration

For the ECISnode measurements that are shown in this work a newly sensor layoutiersdoped The
bags of the sensor was a diskhaped 9MHz ATFcut quartz resonator (KVG Quartz Crystal Technology
GmbH; Neckarbischofsheim, Germany), on which a noveltleztrode layout (2EIQ) was implemented,
as illustrated irfFig.3z10B. Evaporation of the circular goldilm electrodes (&= 3.5mm) and thecontact
pathswas carried out by KVG, based on a sklfeloped mask for the electrode layout. Having two
coplanar electrodes on the surface of the quartz diBKGIS measurements were perfned without
dipping a counter electrode into the electrolyte. Thusidiionally to QCM measurement&CIS
analogue measurementare available with this setup

In order to meet the experimental prerequisites for meaningful ECIS mode measurements the
commercially provided gold film electroddsad to be further processed. Surface structuring of the sensor
was achieved by spin coating and subsequent photolithography of an insulating photoresist. The
experimental procedures for this, the applied photolithogrgpmasks ftig.3z12), as well as preliminary
sensor cleaning steps are describagbvein subsectiorB8.3.3(p. 45ff.).

| 37°C

Fig.3z18 Measurement chamber and expgmental setup for a 2EIQ sensor. The electrodes on
the sensor were contacted from below by four contact pins and connected via@Rtlled

relay to the IA. This setup allowed reading the oscillation impedances of the two QCM sensor
spots oemiand Zocmy) as well as the electrical impedance between the two top surface electrodes
(Zci9. For cell experiments the whole measurement chamber was placed in an incubat@, (37
5% CQy).
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Hardware z MeasurementChamber

The measurement chamber used for 2EIQasasimilar to that for conventional 1EIQs, which was
previously described (pt8). However, for 2EIQs the lower part of the chamber comprised four contact
pins instead of two, and aadditionalrelay was interconnected betweeahe sensor and the impedance
analyzer Fig.3z18). With this PGcontrolled relay different pairs of electrodes of the 2@ were
addressed. Hencethe impedance analyzer waswitched between readings of the oscillation
impedan@s emand Zocm) and the electric cebubstrate impedancedecy (Fig.3z18). More details

of the experimental setup are mentioned in the QCM subsectitardwarez MeasurementChamber

(p.48).

Software z ECISQCMMeasurements

The software used for combined EGIECM measurements is an extended version of the LabVIEW based
QCM software described previousl$dftware- QCMMeasurementsp.49). Switching the additional
relay was integrated in the software for automated and sequential measuremeng&df, Zcmz and
Zcis In QCMmode impedance was recorded successively for the tenssr spots, according to the
procedure described in the experimental QCM section. For B@i8e scanning of the complex
impedance a sinusoidal, neinvasive AC excitation voltage of bV was applied between both upper
surface electrodes of the quartz #iq(Fig.3z18). The impedance of the system was measured in a
frequency range from Hz to IMHz for 61 frequencies that were distributed equidistantly on adogle

(10 data points per decade).

Experimental Implementation of ECISQCMMeasurements

Combined ECI®)CM measurements were performed similarly to QCM experimeatgscribed above
(Experimentallmplementation p.49). However, before seedg cells onthe ECISQCM sensorthe
photopolymer had to be prencubated with liquid. It is known for photoresisbated resonators that
equilibrationof the polymer in liquid has a nemegligible effect on the acoustic impedan&® In order

to avoid an ovedp of swelling with the cellelated signaknd to gain a constant baseline signal of the
motional (QCM)mpedance the polymer on the 2EIQ was immersed with liquidX@O0 h.

Data Processing

The recorded QCM data was analyzed according to the procedure described e@dierRrocessing
p.49). A set of impedance spectra (magnitude and phase) waordedby ECISmode measurements
during an experimentThe data set was processed by LabVIEW based software (written by J. Wegener,
University of Regensburg), which extractéioe equivalent resistance anthe equivalent capacitance
value for eactACfrequency (cf.3.4.2Impedancé’roperties ofell Covered) ECIHectrode$. By dividing

the impedance (resistance/ capacitance) spectra of a-amiered electrodeby the impedance
(resistance/ capacitance) spectra of therrespondingcellfree electrode, the frequency at which the
impedance (resistance/ capacitance) is most sensitive to the cell iagétained. At these frequencies

the impedance, resistance, and capagite were plotted as a function of time. Thgperimentaltime
wasusually normalized with respect to daracteristicpoint of the experimentlike e.g.the seeding of
cells, the addition of a substance, or any other stimulation of the cells. The valges &, or® were also
normalized with respect tdheir value of the data point that was defined as time zero. In this way,
absolute signal changes in percent were plotted, which made the data more comparable to other
experiments. The time&oursesof the resistance at low and of the capacitance at high frequencieew
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then used for obtaining information regarding alterations of the junctional resistance (barrier
functionality) and changes of the membrane capacitesof the cells, respectively. Combed ECIS
QCM measuremets were repeated several timesd parameter changes in the course of a test series
were average and statistically evaluated.

SensorRegeneration

Before regeneration and cleaning of the resonators, the photopolymer on the 2EIQs Hedreamoved.
Thiswasachieved by rinsing the substrate in acetone bt min. Afterwards, the quartz was cleaned in
a piranha solution (3 parts (v/v) of conegSKxs and 1 part (v/v) of 3@ (v/v) HO,) forD 30min in order to
remove organic residualsdm the sensor surfacéhen he quartz disk was rinsed several times with
deionized water in order to get rid of the acid. Beforeusing the quartz, it had to be cleaned and
prepared again, according to the protocolssabsectionQuartzCeaning(p. 45).

3.4.5 Electroporation on ECISQCMSensor (ELPOGECISQCM)

The introduction of membrane impermeable substances into the cytoplasm of adherent cells by means
of in situ electroporation has ben previously described!*!® |t has also been shown, how ECIS
electrodes were not only used for sensing cells, but also firaging and manipulating cells by external
electric fieldsl’:9311&120|n ECIS, the electrodes were used for electrically monitoring the cellular viability
and morphology before and after applying a pore forming electroporation (ELPO) pulse to adherent cells
(ELPQGECIS).

Electroporation Principle

In general, electvporation describes the formation of pores in a membrane caused by an electric field.
The strategy ofintroducing a cell membrane impermeable substance into the cytoplasm of a cell is
schematically illustrated irfrig.3z19. ForELPO, two electrodes need to be introduced into the system,
which are on opposite sites dhe membrane that is to be electroporateérify. 3z19A). By applying an
appropriate electric field, the membrane can be polarized aodsequently destabilized to an extent to
cause the collapse of the membrane potential. This breakdown of the membrane potential goes along
with the formation of pores in the lipid bilayefFig.3z19B). In order to form poresicell membranes the
electric field has to fulfill cell membrane specific requirements. Depending on the frequency, the AC
voltage magnitude, and the duration of the pulse, the electroporation is invasive and initiates cell death
or it is non-invasive, whih leaves the cells viablafter the electric pulse. In the latter case the cell
membrane is only transiently opened, the pores are cloasdsoon as the field is turned offnd the
impermeablemembrane igestoredwithin a short period after the puls€&ig.3z19C). Thus.tiis possible

to transfer membrane impermeable substances into the cytoplasm of ¢glist by providing a
sufficiently high extracellular concentrabn of the respective moleculeand by opening the cell
membranes for diffusion by applying an adjusted electroporation pulse.

By combining this electroporation technique with a sensor technique like ECIS, one can follow the cellular
response towards the voltage pulse atie introduction ofsubstances immediatyg, nortinvasivdy, and

in time resolved manner. However, only cells on the working electrode are affected. This is because the
smaller working electrode dominates the entire impedance of the system and the voltage almost
completely drops across it. A sisoidal AC voltage of 4kHz, amplitudes of 3 7V, and pulse durations
between 200z500ms were found to be adequate parameters for an efficient, 4morasive
electroporation of a variety of adherent cells on ECIS substrates (working electrode ad6&: &m?).l”
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The principle of ELP@asalso introduced into the newyldeveloped ECIQCM setup (cf3.4.4 p.56ff.).
Thus, ELPQvascombined with instantaneous redlme monitoring of the cell responses in both ECIS
and QCMmode measurements (ELRBCISQCM). With this, cytomechanical cell responses upon the
introduction of membraneimpermeable xenobiotics can biavestigatedin additionto the celtshape
and vitality monitoring by ECIS.

Fig.3z19 Electroporation principle(A) A cell with intact lipid bilayer membrane is placed
between two electrodes (yellow bars) in an electrolyte that contains a membrane imgsgste
substance (grey spheregB) Applying a potential between the electrodes generates an electric

field @in the solution. The cell membrane is polarized in this electric field, and pores are formed
in the cell membrane at a critical threshold value of polarizatiDaring electroporation until
membrane regeneratiorextra-cellular molecules can diffustarough the pores into the cells,
according to the gradient of concentratior{C) The cell membrane reseals again after (nron
invasive) electroporationjeaving the membrane impermeable subshce remaining in the
cytoplasmand, thus, being introduced intahe cell.

Hardware for Electroporation

For realizing electroporation on quartz disks, the hardware requirements were basically the same as for
ECIS mode measurements on QCM resonators, regarding the sensor layout itself as well as the
experimental setup @t 3.4.4. The 2EIQs comprised two coplanar electrodes on the top side of the
sensor, similar to the ECIS substrat&he size of the working electrode wagstematically optimizedy
preparing 2EIQ resonators ith working electrodes of the following diameters: 250, 500, 1000, and
2000pum (cf. SpinCoating andPhotolithography oQuartzDisks p.46f.).

Electroporation was integrated into #garunning ECIK®)CM measurement. For this, the EGQECM setup

xAO O0O0DPDPI Al AT OAA(BU& AT DaRXWE! | FAEOOAOU -Pakéd £ O
Palo Alto, CA, USA){g.3z20). The frequency generator served a€ Aoltage source for applying a
definedvoltage magnitude of a certain frequency and for a defined period of time between thkimg

and the counter electrodeand, thus, to the adherently grown cells on the working electrode. For
visualizing and controlind EA A1 AAOOI b1 OAGEIT T bBOI 0AR AT OF OAEIT 1]
Main, Germany) wasnplemented between the frequency generator and the connecting wires of the

two top electrodes of the 2EIQF{g. 3z20).

Experimental Implementation

Electroporation pulsesvereapplied in the course of an EG(BCM measurement, after cells déormed
a confluent monolayer. Before electroporation, the processes of cell attachment, cell spreading, and the
establishment of a confluent cell layevere monitored by QCMnode and ECHnode readings.
Moreover, theextracellularinfluence of a membranémpermeable substancef interest wasrecorded
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in reattime by ECISQCM.Equilibration of signals was awaitedefore applying the ELPO voltage pulse.
Thus, effects of extraellular stimulationwere distinguished from cell responses to ELPO and intra
cellular stimulation. Tapply the electroporation pulsthe ECISQCM recording was shortly paused and
the upper surface electrodes of the 2EIQ (ECIS ebtelets) were connected to the frequency generator.
Then, an AC voltage pulse of a certain magnitude, at a defined frequency, and for a specificgberiod
time was manually applied to the cell layer on the working electrode. Afterwards, the cables were
replugged between frequency generator and impedance analyzer and -BCI8 measurements were
instantaneously continuedThis experimental setup allowed to monitor nénmvasively and in redime

both the morphological as well as the viscoelastic effects on tlel tayer triggered by the
electroporation pulse and the substance introduced into the cytoplasm.
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Fig.3z20 Schematic illustration of ELPO integration in EG)€M measurements (ELRPBECIS
QCM). For simplification, the wires for QGMode measurements are left ougnd only the
connecting wires for the two upper surface electrodes (for E@tele measurements) are shown.
For applying an electroporation pulse during a running measurenteetECISQCM recordings
temporarily stoppedand theupper electrodes are conegéed to the frequency generatorAfter
manually applying a defined electric pulse, cables were replugged again, and (IS
measurements were instantaneously continued. Further details of the experimental setup were
previously describedct. 3.4.4 p.56ff.; Fig.3z18).

3.5 Optical Temperature andOxygen Imaging

Optical sensors are based on the detection of changing optical properties of a sensor paobeq by

its interaction with an analyteThe optical properties of a probe that are used for sensingahsabance
emission (luminescence wavelength and intensity), anisotropy, reflectivity, or the luminescence lifetime
of a luminophord’ An increase in temperature (T) as well as elevation of the oxygen partial pressure
(pO2) cause a decrease of the luminescence intignand lifetime, respectively. T andO. are both
luminescence quenchers that promote radiatitess relaxationprocesse of excited fluorophore
molecules. Imaging of the luminescence intensity (lifetime) of a sensordibbuidesa two-dimensional
resoluion of the luminescence properties on the photographed samgae thus obtains the two
dimensional temperature (oxygen) distribution on the sample surfagéuminescence lifetime imaging
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of a temperature (oxygen) sensitive probe. However, the lumineseelifetime of most probes is
sensitive to quenching by both T apd.. Therefore, the quenching effect due to other influences has to
be excluded or kept constarfibr a quantitative analysis of only one paramet&f:177:319.320]

The following section addresses the basic principles of light absorption, emission, and luminescence
guenching. Subsequent sections focus on FLdBlit was usedin this studyhe experimental setup, the
specific experimental implementation of T aqD, imaging, and finally on the way of data processing
and data presentation of measurements.

3.5.1 BasicPrinciplesof Luminescence and_.uminescence
Quenching

The processes of light absorption, emission, and luminescence quenching can be described best by a
Jablonski energytevel diagram®?t] as shown irfrig.3z21 If a luminophore in its energetic ground state

is illuminated with photons'Q ) of certain energythis energy is instantaneously absorbed ¢8) by
exciting electrons from the electronic (singlet) ground staYeto higher energy levels. If the energy of

the photons is high enough, the electrons can be excitenffY to vibrational levels of the first or
second excited singlet state’ Y © Y, "Y O “Y). Electrons in elevated vibrational levels {(¥for "Y)
immediately fall back to the vibrational ground state ®f by internal conversin (IC) fromiY © Y, and
subsequent nonradiative (vibrational) relaxatidp {0*2s). The IC process describes the lossless energy
conversion of electrons from an excited electronic state to a vibrational level of a lower electronic state
of the sane multiplicity (Y © "YRY © "Y)[174
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—— Vibrational State ¢ Nonradiative Relaxation > Intersystem Crossing (1S(
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Fig.3z21 Jablonski diagram; modified afté?232]

From™Y, the electrons can fall back t& in a multitude of different ways of energy transfer. Like for the
radiationless deactivation frorfly © °Y, the"Y energy can be furthedissipatedwithout radiation by IC
(YO "Y; first-order rae constant’Q =10°z10°s®) and subsequent instantaneous vibrational
relaxation to thevibrational ground state. However, electrons can also fall backvtbdy emitting the
energy in the form of photons@ ), which is fluoresence emission. Fluorescence is a sgilowed
process and exhibits a rate constant@f=10°z 10° s=. Beside the previously mentioned nonradiative
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relaxation via IC, fluorescence emission can be decreased by statgnamicquenching processes
(1(3()’,51% U)'_[174]

In a fourth transition processY is depopulated by intersystem crossing (ISC) ofefextrons to the first
excited triplet state {Y© "Y). ISC to higher vibrational levels of is followed by an immediate
radiationless relaxation to the fundamental vibrational state”gf"Y © "Yis actually a spifiorbidden
transttion (electrons have to change their spin orientation during ISC). However, ISC is partially allowed,

due to effects of spirorbit coupling, which mixes singlet and triplet states. Spirbit coupling is highly
increased by the presence of heavy metal a®iike platinum within the probe, which results in an

increased probability and transition rate of IS~G:2(O =107 10"*s%). For the platinum porphyrine
complex PtTFPP the triplet quantum yield (the fraction of absorbed photonsldet to apopulation of
“Y) reaches values @ 100% 322323

Once in the'Y state, there are again a number of possible energy transfer processes for the electrons.
First, an ISC back to th¥ can take place under thermal activatiofY(© "Y), followed by deexcitation
processes fromY to "Y. Thermal adwation is necessary, d¥is a lower energy level thaily. A second

ISC can occur from the excited triplet to one of the vibrational levels of the singlet ground ‘st&e™Y;

Q° =10z 10°sY), followed by nonrahtive relaxation. Similar to fluorescence, the electrong¥n

can relax to the electric ground statéY(C “Y) under emission of radiation@ ), too. However,
phosphorescence is an intersystem radiative transition dhds, is aspinforbidden process. This causes

a delayed emission of phosphorescend@ €102z 10 s%) in comparison to fluorescenc&) =1z

10° s9).B22 As all mentioned deactivation processes from the excited triplet state are-fepliidden and
therefore possess small rate constant¥, exhibits a long lifetime that varies from & to several
seconds. Besides the previously mentioned ISCs, the quantum vyield for phosphorescence depends on
two further radiationless deactivation processes, which are static quenchmgo()"* Qnd dynamic

quenching Q.é U)'. Both quenching effects are based on a molecular interaction between the fluorescent
probe and the quenching molecule. In static quenching the luminophore molecule and the quencher
molecule Q) form a complex that exhibits ntuorescence properties. In dynamic quenching the energy

of the excited fluorophore is transferred to the quencher molecule. By this, the luminophorecisaited

to its ground state’Y. Dynamic quenching is also termed collisional quenching, as the fluorophore and
the quencher must be in close proximity to each other A28nd less) for the energy transfer. The exact
mechanism of energy transfer is not jet fully understd&d.32-323l

Oxygen Sensitivity of Luminescence

Molecular oxygen is a welinown dynamic quencher of phosphorescence. An oxygen molecule naturally
exhibits a triplet ground statet (two unpaired electrons gbarallelspin-orientation) and two excited
singlet statesp3- andrt ,with energy difference of approximately 1Y between the ground state and
the lowest singlet state Kig.3z21). Thus, oxygen in its triplet ground state can efficiently quench

luminophores in their excited, lontiving triplet state by triplettriplet annihilation (lﬁ U)'. Thereby, the

dye is deactivated fromiY to the ground state and thexcitation energyis absorbed by the oxygen
molecule. The transferred energy excites the oxygen to the first or second singlet state. Singlet oxygen
energy then dissipates by either phosphorescence with IR radiatior>{240nm), or ISC with
subsequent radiationless refation, or by energy transfer to molecules. The latter means chemical
reactions of the highly reactive singlet oxygen with surrounding molecules. This singlet oxygen species
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is also the reason for phototoxicity in biological systems, when investigatingg@xygquenching of a
fluorescent dye.

The decrease of fluorescence of a fluorophore due to dynamic quenching can be described by the Stern
Volmer equation:

o f - .
_ _ € * O 52
o T p L DJuv p I Jv (52

where ‘Oand "Care the luminescence intensities arfd and T are the luminescence lifetimes the
absence and presence of the quencher, respectivatg 0 isthe quencher concentration) is the
Stern-Volmer quenching constant and comprises the bimolecular quenching contitarEquation(52)
is only valid for a homogeneous distribution of fluorophore molecufes nonrquenching matrix. If
fluorophores are embedded in more than one matrix, thecatled multisite model has to be used for
describing fluorescence quenching:
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with "Cbeing the number of different matrices, Qis the fraction of fluorophore molecules in the
respective matrix, an@ is the according quenching constant.

In the case of oxygen being the quencher, the oxygen concentratichifdproportional to the partial
pressure of oxygepO.AAT OA OEA | AOOE@h E1 xEEAE OEA 101 ETIT PE
law. As the volume fraction of oxygen in air is constant (200&/v)*?4), the sensor cabe used for air

pressure sensing. Thus, sensor foils containing such oxygen quenchable probes are also referred to as
pressuresensitive paints (PSP¥2

Temperature Sensitivity of Luminescence

Luminescence emission &Blso very sensitive to temperature. In contrast to collision quenching by
oxygen, temperature does noprovide an additional energydissipation process that reduces the
quantum vyield for phosphorescence emission. The phosphorescence emission rate steadhkly
dependent on temperatur@s well as the triplet quantum yield () is almost temperature insensitive,
as long asiy €1. Temperature instead promotes neaadiative relaxation processes of the excited

triplet state, which is the ISC 6V © "Y (Q ° =107 1 s%). The temperaturalependence of the ISC
rate constanfQ ° is given by the Arrhenius relationshij332¢!
" O o WO 'Y

. WO . i}
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where3O s the activation energy for ISCof © “Y,"Yis a reference temperature, aredY Y "Y
is small relative t6Y.222

With increasing temperature, the rateonstant forISC"Y © “Y is increased. This causes that more
excited triplet states undergo radiationless -@citation and the phosphorescence quantum yield is
decreased. Consequently, a decrease in phosphorescence intensity and lifetime of the triplet state can
be measured. According to the previously mentioned pressaensitive paints (PSPs), a sensor foil with
embedded temperature sensitive probe is often called temperatseasitive paint, or short TSP.



3.50ptical Temperature and Oxygen Imaging 65

3.5.2 Fluorescence Lifetime Imaging (FLIM) using Rapid Lifetime
Determination (RLD)

There is a variety of possible measurement methods for the-timensional luminescence imaging of a
luminophore in a matrix. Measuring the luminescence intensity is the most direct method. However,
intensity measurements lead to some drhacks, since the luminescence intensity is affected by a
multitude of factors. Constant luminescence intensity requires a uniformly distributed dye within the
matrix, an even illumination by the light source, a consistent light intensity, and constant geaal
parameters in the experimental setup. Moreover, luminescence intensity is strongly influenced by light
scattering and photebleaching effects. With the help of ratiometric imaging methods and lifetime
based imaging techniques, these drawbacks carolercome. Fluorescence lifetime imaging (FLIM) can
be performed either in the frequency domain or in the time domain, whergdya fromboth methods

can be transferred to each other by Fourier transformation. Time domain FLIM is the method of choice
for metal-ligand complexes (MLCs) as oxygen and temperature sensitive dyes, since the MLCs exhibit
luminescence lifetimes in the microsecond time scale. Using such-lieimg MLCs as probe has the
additional advantage that background fluorescence (decay tW®90ns) can be suppressed by simply
starting imaging after a delay time ofjfs.

Xcitation Emission

LED off

Ilm

¥

Camera on

e e

Fluorescence Intensity

Time

Fig.3z22 Schematic illustration of fluorescence lifetime imaging with the rapid lifetime
determination (RLD) principle. The fluorophore is excited by a LED light source, antinh@e
gated intensity imagesd ando ) are recorded by the triggered CCD camera in the emission
phase at time points), and¢,, after the LED was switched off. The gate width for imaggsind

0. was set identically, and time poind was set delayed, schat background fluorescence was
completely decayed for imaging.

FLIM can be referenced intrinsically by time gated imaging in the decay phase of the MLC luminescence.
Rapid lifetime determination (RLDY?"'is one time gated method for acquidnselfreferenced FLIM

data. The principle of RLD is schematically showrrign 3z22. The luminescent probe is excited by a
rectangularlight pulse of a light emitting diode (LED). During this excitation phase the luminescence
increases until equilibrium between absorbed and emitted photons is reached. After turning the
excitation light source off, background and MLC luminescence emission decay, according to their
luminescence lifetimes. At defined time point®, and 0 , after stopping excitation (and after
background fluorescence has decayed), the shutter of the CCD camera is opened twice for identical time
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intervals. In this two time gates, A1 and A2, the CCD collects the emitted photons and intetirates
luminescence intensity for each pixel of the sensor. Thus, by RLD one obtains two intensity pigtures,
ando , in the decay phase of the luminescent probe. With the ratio of the two intensity pictar¢s ,

one can calculate theatay timet, according to:

0 o
. 0
g

whereo ando depict the time points of camera opening in the emission decay phaseparad 0
represent the integrated intensities wiin the respective time gates.

f (59

It is notedthat the absolute values for the decay time, calculated by (&), are only valid for mono
exponential decays. Since the exact lifetime values were not of interest, and relative chantjietime

were sufficient for imaging and quantifying the quenching effects by oxygen and temperé&firfgélias

the luminescene decay time is independent the intensity, the intensity image ratio in RLD eliminates
variations in signal intensity. Hence, namiform matrix thickness, fluctuations in the excitation light
intensity, reflections, background luminescence, or changgepmetry between sample and camera
causes no adverse effects in accuracy. Thus, the RLD method is a robust and powerful tool for FLIM
applications. However, as RLD is a tiresolved imaging method, the imaging setup requires a camera
with a fast shutterthat is triggered synchronously with the excitation light source. Moreover, better
signatto-noise ratios can be achieved with cameras that exhibit a cooled CCD chip.

3.5.3 Experimental of FLIMRLD

TSP and PSFSensor Preparation

For temperature imaging, two diffrent TSPs were prepared, containing either the temperature
sensitive probeTris(dinaphthoylmethaneis(trioctylphosphineoxideguropium(lil) (Eu(dnmtopo);;

OUl OEAGEUAA ET 100 EIT OOE OOW®Nbr TridFedzbylaceriaGmodi 0 Al
(phenanthroline)europium(lll) (Eu(benzagphen); SigmaAldrich; St. Louis, MO, USAAs oxygen
sensitive dye, the platinum porphyrin complex 5,10,15t@0akis-(2,34,5,6.pentafluorophenyl}
porphyrin-platinum(ll) (PtTFPP; obtained from Porphyrine Systems GbR; Appen, Germany) was used.
The chemical structures dlfie dyes are shown iRig.3z23.

A C
= . CeFs
H3C(H,C); o
~ 3T -
p— -0
H3C(H,C); /Pfo- "'EU\_\ g \ FsCe CeFs
e Eu
H3C(H,C); o e
2 CHy

CgFs

Fig.3z23 Chemical structures of the teperature-sensitive probegA) Eu(dnm})(topo), and (B)
Eu(benzag(phen), and of the used oxygesensitive probd C)PtTFPP.

o
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TSPSensorPreparation

The TSP sensor cocktail was prepared by mixing a polymer solution @& @@v) poly(vinylidene
chloride/ acylonitrile) (80:20) (Polysciences, Inc.; Warrington, PA, USA) in tetrahydrofuran (THF;-Sigma
Aldrich; St. Louis, MO, USA) with ¥ (v/w of polymer) of Eu(dnmftopo). or Eu(benzagfphen). This
OAT AEOGAEIT 6 xAO Ob OQAIdA dnto mOduthce & a deBredabidrtArdsoniatdE (1EIQ)
with a paintspraying gun (Walther PILOT; Wuppertal, Germany). The quartz cleaning procedure is
explained in subsectioQuartzdeaning(p.45). The spray pressure was D&r, and the solvent was
evaporated over night at room temperature. In this way, a TSP sensor film thicknd39.3%z 2.5um

was obtained (determined by QCM measurements).

PSPSensorPreparation

For the PSP sensor film, the oxygsansitive probe PtTFPP was embedded in a polystyrene (PS) matrix.

In the sensor cocktail, the PtTFPP concentration was set%o @/w of PS), and the PS concentration

was either 36 (v/v) or 5% (v/v) in the solvent, which was either THF or toluene (Merck; Darmstadt,
Germany). The cocktail was protected from light and stored in a fridge until usage. A PSP sensor film was
deposited on cicular (Z=12mm) microscope cover glasses (VWR; Radnor, PA, USA) by either spray
coating (cf. subsectiom SPSensorPreparation) or spin coating of the sensor cocktail. For spin coating a
selfmade spin coater coposed of a hard disk drive was used (developed by Dr. F. H6hn; Institute of
Biochemistry, University of Miinster, Germany). Before coating, the glass substrates were cleaned by
rinsing in acetone and isopropyl alcohol, in order to remove organic impuffittes the surface. The
solvents and surface water were subsequently removed by heating the substrates & 26 30min.

In order to guarantee a homogeneous solution of the cocktail for the coating process, the PSP was stirred
and sonicated for at leasttOmin. Spin coating was performed at room temperature and at
1500z 4000rpm. A drop of the cocktail was placed in the center of the rotating substrate and spin coated
for 1min. After PSP coating, the substrate was dried at room temperature overnight.sbme test
OAOEAOh OEA AAEAOEIT DPOIITOAO 04) 0O0EIi A6 xAO ODE
performed at 3000pm for 20s, followed by activation of the adhesion promoter in the oven (X3@or
10min). After this, the substrate waready for PSP coating as described above.

Hardware - Experimental Setup

Camera and LightSource

TimeOAOT 1 OAA 1 Oi ET AGAAT AA 1T AAOGOOAI AT OO xAOA DPAOAE
OUOOAI 6 jO0EI OITTEA 2A0AAOAE 3 Uxzéokd 1ib/wdCOEam&A B h 5+
trigger box, and the respective software for defining and controlling imaging parameters, as well as for

Ei ACA DPOiT AAOGOET ¢8 4EA AAI AOA66¢A@5 dni LED tFom RéithnerE OE
Lasertechnik (Viennal OOOOEAQ8 4EA AGAEOAOEIT 1 ECEO xAO £EE
(Schott; Mainz, Germany). Emission filters were adapted to the luminescent dye and are mentioned
below in the TSPand PSPspecific setup section. The residual instrumentatiolts temperature

imaging and oxygen imaging are also described in the respective sections.

Setup for TSAmMaging

A schematic drawing of the experimental setup for temperature imaging on quartz disks is shown in
Fig.3z24. The imaging instrumentation comprises the 40#n excitation LED (E) with B&2 excitation
filter (F), a cooled CCD camera (G) with a D610/60M {pesd emission filter (H) (Chroma; Rockingham,
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VT, USA), and a trigger box (A). The latter is connected with ardGreggers the LED excitation with
the CCD shutter, based on the settings in the imaging software.

|

(e el

Fig.3z24 Experimental setup for FLIM of a temperatusensitive probe on an oscillating quartz
resonator with(A) trigger box,(B) oscilloscope(C)voltage supfy, (D) temperature control,(E)
LED, (F) BG12 excitation filter,(G) cooled CCD camergH) D610/60M emission filter, an)
calibration chamber with optical window. In the miniaturized QCM chamber the-d&Red
quartz disk(N) is sandwiched between tawPDMS mats with circular holé®). A glass slidéJ)on

the top PDMS mat forms a narrow cavitf) above the quartz. The whole QCM chamber is held
together by two fixing clampgP), and the quartz electrodes were electrically addressed via
conductive siWer paint(M)and copper wiregL).

In order to be able to do temperature imaging aoskillation analysis of thquartz resonator together,

a custommade miniaturized QCM chamber was developed, in which the quartzvaisimounted and

electrically contacted. Moreover, the miniaturized QCM chamber was small enough to be placed in a

small temperaturecontrolled calibration chamber (l), which comprised an optical window that was
transparent for excitation as well as for emission light. Temperature controlw@&y necessary for

calibration of the luminescence lifetime at defined temperature values. For experiments with the
oscillating quartz, a constant ambient temperature was crucial for accurate FLIM of the TSP, too. The
temperatureof the calibration chambex AO AT 1 00T 11 AA AU Al O%Xdd- O 2 %Xa®
Konigshofen, Germany)A temperature sensor as additionally introduced inside the calibration
chamberfor temperature contralAn exploded view drawing of the miniaturized QCM chamber is shown

on the right hand side ifrig.3z24. The QCM chamber consists of two PDMS mats (O), with a circular

hole in the middle (& 11mm), where the TSRoated quartz disk (N) was mounted in between. The

0$-3 1 AOO xAOA3 DIOADALOA AX kE OEGEIOEAT T A A1 AOGOT T AO EEOC
Above the upper PDMS mat, a thin glass plate (J) was integrated. This was necessary to form a sealed
measurement chamber (K) on the one hand, and to uniformly distribute the presstine éking clamps

(P) over the entire quartz on the other hand. By this, a sttegs clamping of the quartz disk for
unhindered oscillation was assured. Electrical connection of the quartz disk from the edge of the
chamber was achieved by conductive silypaint paths on the lower PDMS mat (M). Copper wires (L)

guided this connection to the outside of the calibration chamber, where they were plugged to the

Al OOAODPI 1 AET C Al AKOOT T EAOU | 2 AN AGEIERE x BHOE GO AWM X WA
(Hewlett-Packard; Palo Alto, CA, USA). With this, the quartz could be forced to oscillation, by applying a
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OET OOT EAAT 1 # O1T1 OACA T &£ AAEET AA MEOANOAT AU AT A
(HAMEG,; Frankfurt/ Main, Germany) was switched in@=n, via a switchable resistance in seri&s,
checkingthe current flow in the network and thuke resonance frequency of the quartz crysta). The

whole setup was placed in a dark room, as light pollutiadto be avoided during the imaging\ picture

of the TSP imaging setup is shownSi6 (p. 264)

Setup for PSAmMaging

The PSP imaging setup and the instrumentation needed for the oxygen calibration of the PSP are
illustrated inFig.3z258 ) O AT I POEOAO A PAOOBI Al EAT DDEOAAOAE &E
the LED excitation light pulse (H) and the shutter of the CCD cameraiéhe trigger box (A)For
calibration of the PSP film, defined partigdessures of oxygen were streamed over the sensor, controlled
by a gas mixing device (B). In order to avoid temperatgmenching effects, the sensor was placed in a
chamber (F) with temperature control (C). The LED excitation light was filtered throlfh12 filter (G),

and fluorescence emission of the PtTFPP was filtered through a 630/75dzsdfilter (E). The vertical
arrangement of the imaging components comprised some advantages. Using this arrangement, the
camera could be brought as close as pblesto the sensor surface without steric hindrance of the
excitation light source, for the purpose a@haximizing lateral resolutionalong the imaged srface
lllumination of the sensor from below was achieved by a hole in the temperature block. The close
proximity of sensor and LED allowed a homogeneous and bright excitation. The imaging setup was
AOOOEAO OAZET AA AU 1101 0ET ¢ OEA ##$ AAI AOA 11
microscope (Carl Zeiss Microscopy GmbH; Jena, Germany) and usigcadbjective from Zeiss (EC
EpiplanNEOFLUAR, 5x/ 0.13 HD, working distardet.5mm) for magnification. A picture of the PSP
imaging setup with microscope is shown $17 (p.264). By this itegration, the timegated imaging
setupwascombined with the magnification properties of a microscope, resulting in an improved lateral
resolution of the lifetime images.

| 6[0
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Fig.3z25 Experimental setup for FLIM of an oxygeensitive probe(A) Trigger box,(B) gas
mixing device,(C)temperature control,(D) cooled CCD camerdE) 630/75 emission filter(F)
temperature calibration chambel(G)BG12 excitation filter,(H) pulseable 40;m LED. A small
petri dish with sealed lidl) served as measurement chambar fthe PSPcoated glass substrate
(K), immersed in a liqui@L). For calibration of the PSP with defined partial pressures of oxygen,
the petri dish was equipped with a hose for gas il@tcoming from the gas mixing device, and
with an opposing smalldie for gas outle{M).
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Calibrations of PSfeoated glass disks were performed in a modified small petri dish (I) (enlarged in
Fig.3z25). The lid of the petri dish was sealed, in order to avoid air (oxygen) diffusion intdémeber.

Two small holes were introduced into the chamber for having a defined gas inlet and outlet (M). The gas
inlet was equipped with a thin hose (J) that was plugged to the gas mixing device. Thus, defined partial
pressures of oxygepO- could be flowedover the PSReoated substrate (K), for calibration under liquid

or air (L).

Software
ForalEIl ACET ¢C |1 AAOOOAI AT 6O OEA O #6xAOA O)i ACA8 4'E
Newhaven, UK). It allowed to individually control the exposure time dredtime gating settings for up

to 16 consecutive images of an image series. The time gating settings for the temperahd@xygen
sensitive probes are listed Tab.3z7.

The settings were adjusted in a way that gate Al gate A2 were measured in consecutive imagefs
RLD inFig.3z22). Since the software allowed taking automatically 15 images in series, seven pairs of
0 images and one blank image, where excitation light was neitched on and thus background
fluorescence was measured, were taken in one series of imdgjes, three 0 -0 pairswere taken
(imageslz6), followed by a blank image (imad@@ and againfour pairs of © and 0 images
(images8z15. The imagesvere processed with a softwaretegrated mathsscript editor for image
calculations. The software algwovidedan areatool with which regions of interest (ROlsjere defined

in the recorded images and which displayed the integrated intengalue for each ROI. Single images
were exported as 1éit TIFF files and further processed with the image editing software Im&gei!
(developed by Wayne Rasband at the National Institutes of tHehISA).

Tab.3z7 Time gating parameters for FLIM (RLD method) of the temperature sensgirodes
Eu(dnm)(topo), and Eu(benzag]phen), and the oxygesensitive probe PtTFPP.

Eu(dnm)(topo), Eu(benzag(phen) PtITFPP

Excitation pulse/ us 400 400 100
Delay A1d )/ ps 1 1 1
Width A1 60 )/ pus 80 120 40
Delay A2¢ ) /us 41 241 21
Width A2 ¢0) /us 80 120 40
Exposure time/ ms 1000z 2100 2100 1500z 2000
Exposure frequency/ H: 1000 1000 5000

Experimental Implementation of T and pO; Lifetim e Imaging

Temperaturelmagingon Oscillating Quartz Resonators

Prior and after coating of a quartz disk with the TSP, the oscillation properties were determined by
measuring an impedance spectrum close to the resonance frequency in the standard QCM chamber
(cf.Fig.3z13. By this, the oscillation properties of the quartz could be checked, and the resonance
frequency could be determined. The resonance frequency was needed for exciting the quartz to resonant
oscillation during tenperature imaging experiments. Moreover, it was needed for the determination of
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the TSP thickness on the quartccording tothe Sauerbrey relationship (E®3). QCM readings were
performed, according to the experimental procek described irsubsection3.3.3(p. 45ff.). The TSP
coated quartz disc was then mounted in the miniaturized QCM chamber for temperature imdgméq

24). The impedance spectrum was recorded again with the impedance analyzer, in order to check the
contacting and to verify the resonance of the quartz in the custoiade chamber, since the different
mountings might have an influence on the oscillatidWhen temperature under liquid loading of the
quartz resonator was to be investigated, the small cavity between the quartz and the glass=jckz (

24 K) was filled with 550L PBS buffer. The impedance spectrum of the quartzer liquid loading was

then recorded, too. Afterwards, the QCM chamber was placed in the calibration chamber and connected
with the frequency generator, according tig. 3z24. For temperature imaging of the oscillating quar

a constant ambient temperature of 20 °C or 37 °C was adjusted in the calibration chamber. The
equilibration duration wa® 20 min for measurements in air (at 2C), and >45nin for measurements

of the resonator in liquid (at 20C and at 37C). The quartz was forced to oscillationits resonance
frequency and at increasing voltage amplitudes in the range of @1®BV. The quartz oscillated at least

for 15 min at thespecifiedvoltage before imaging the luminescence lifetime of the TSP on the resonator.
Additionally to that, the temperature was also imaged atd0 AO AT O1 £& OAOI 1T AT AAc
which means at &requency that was shifted bg30kHz L00kHz) from the resonance frequency. The
applied gate settings for image acquisition are listedab.3z7.

For calibration of a TSP, its fluorescence lifetime was imaged for a range of defined temperatures. This
was 1@z 55°C for TSP imaging of the quartz oscillation in air (af@). For TSP imaging of the quartz
oscillation under liquid loading, the temperatures for calibration wemnfined to019.5z 23.5°C (for
imaging at 20°C)andto 36.5z 40.5°C (for imaging at 37C).

Oxygenlmagingbeneath Confluent Cell Layers

After PSRcoating and drying, the cover glasses were fixethatbottom ofa petri dishusingsilicon glue.

The substrates were sterilized in an argon plasma foiirl and the polymer wasllowed to swellin
serumfree medium under sterile conditions in an incubator {87 5% CQ,) for at least 2. Cells were
seeded in the petri dish (&9.04cm?) with the PSFcoated substrate at a seeding density of
450000cells/cm?. The day after seedingells,cell coveageof the substrate was microscopically verified
(Nikon Diaphot Inverted Tissue Culture Microscope; Tokyo, Japan) and documented (Nikon D5000 DSLR
camera; Tokyo, Japan). For oxygen imaging, cell culture medium was removed, and afténgvixgice,

the petri dish was completely filled with 0L of PBS, supplemented with §/L glucose (PBSGlu).

The petri dish was subsequently sealed with the lid, which possessed a small hole for liquid exchange.
The sensor chamber with the PS&nd @ll-covered substrate was placed in a temperatwantrolled
chamber (37C) for FLIM. Injection of st substancethat was tested for its impact on cellular oxygen
consumptionwas performed via a syringe with cannula, by replacimglL5PBS*/Glu by 5mL of a pre
warmed test solution, doublkeoncentrated in PBS/Glu. The time gate settings for image acquisition

are listed inTab.3z7. Imaging experiments were usually followed by a microscopic inspection of the cell
state.

Each PSP sensor was calibrated, in order to correlate the imaged luminescence lifetime information with
a defined partial pressure of oxygen. For calibration, a gas mixture of defined oxygen content was applied
to the calibration chamber via a small hoseidtvas done for the dry sensor by continuously flowing the
gas through the chamber. In case of sensor calibration in liquid, the gas was either streamed through the
headspace above the liquid or bubbled through the liquid. In both cases, gas was strelamegh the
chamber until an oxygen equilibration between air and liquid as well as liquid and sensor matrix was
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achieved. Theotal pressure of the gas flow was set tbdr, and the oxygen partial pressure was adjusted

to pO, =02z 1000mbar, whereas theeomplementary gas was either argon (Ar) or nitrogen)(Nh cases

of sensor calibration after a cell experiment, the cells were previously removed from the sensor surface
by rinsing twice with PB%and subsequent EDTA/ trypsinization treatment.

Data processing

FLIM of the TSP

For each imaging time, sevel images and seved images, as well as one blank image were
obtained. Therebyp (0 ) represented the integrated intensity image of gate A1 (A2) in the decay phase
of the fluorophore Fig.3z22), and 0 is an integrated intensity image without previous excitation
(background fluorescenced. ,0 , and0 images of one image series were subsequently processed by
using the softwareintegrated mathsscript editor for image calculationg-ollowing this procedure
images were firstly background corrected by subtractiog from all 146 and 6 images 618, Maths
Script#1, p.265). Using the aredool in the Imagex TGi measurement software, a region of interest (ROI)
was defined that was the same for all images of a series. Within the ROI the integrated intensity value
was extracted for every image. Based drese values, the ratio 70 was calculated for each of the
seven consecutively measured pairsdofand0 . Hence, seved 70 ratios were obtained, which were
subsequently averaged. Calibration data points were fitted either linearly (calibrationsuid)igr by an
exponential fitting function (calibrations in air), dependent on the temperature range. Based on the
obtained temperature0 70 relationships, the temperature value was calculateddoo ratios of an
imaging experiment. Alexperiments were repeated at least five times, in order to obtain sufficient high
confidence levels.

FLIM of the PSP

Every single measurement point from FLIM of an oxygemsitive probe is calculated from 15
individually taken lifetime images. Intensitimages of gate A1 and gate A2 were photographed
consecutively three times. Afterwards, a blank image (FLIM w/o excitation) was taken, followed by
another four times of FLIM ad and0 . The recorded images , 0 , anddo were subsequently
processed by using the Imagex TGi softwamiegrated math script for image calculatior{S18, Maths
Script#2). Each imag® and0 was at first corrected by the blank image , followed by averaging all
seven corrected images of ando , respectively. The averaging was ifemented in the math script
by firstly multiplying eachd (0 ) image with 1/7 and bsubsequently summing up these seven (o )
images. In the last step the ratip 0 is calculated with the respective averaged image® ond o .

0 70 values obtained from calibration measurements were plotted as a function of oxygen pressure
and data points were fitted by auitable mathematicalfunction that describes the relationship best
(highest coefficient of determinationR?), however does not follow a theoretical moddihe obtained
oxygen0 F0 correlation was used for converting 0 ratios from cell experiments into respective
oxygen concentrations.

It is important to notethat the obtained oxygen corentrations and molar fractions are related to the

gas composition in the headspace of the sensor. In order to obtain the actual oxygen concentrations in
OEA 1 ENOEAR (AT OUB8O 1 Ax EAO O AA ApbPIl EAA8 (1 xAO
standard conditions, regarding temperature (3 instead of 20C) and electrolyte concentration (PBS

buffer instead of water).
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3.6 Light Microscopic Techniques

Different light microscopytechniqueswere used in this work, comprising stereo microscopy, phase
contrast microscopy, and the luminescentased epifluorescence microscopy and confocal laser
scanning microscopy (CLSM). Light microscopy was used for controlling the properéepefimental
surface structuresnd for the validation and documentatiorf cellcultures under testFor instance, the
degree of cell coverage on cell culture flasks or on sensor substrates was routinely checked. Moreover,
staining of specific cellular structures combined with luminescebased microscopy was utilized for
supporting conclusions from ECl&nd QCMmeasurements. An overview on the microscopesed in

this workand the respective specifications is listedTiab.3z8.

Tab.3z8 List of light microscopes that were used in this wor

Microscope Setup Microscopic Method  Objectives*
Nikon Diaphot inverted PhaseContrast Plan 4x/ 0.13, PhL
EpiFluorescence Plan 10x/ 0.25, Phl
Plan 20x/ 0.40, Ph2
Nikon Eclipse 90i  upright PhaseContrast 01 AT Xo@7 - wBWYSh O0EX|
EpiFluorescence 01 AT Yo@r ®8i ®h 0EX!
CLSM , 5 01 AT %, 7% Yo@T o
)2 1Pl Aad@F X8d7h
Nikon SMZ 1500  upright Stereo Plan 1x

*type and magnification’ NA, immersion, contrast method, lens tube lergtover glass thickness, working distance

The following sections address the basic principles of the light microscopy techniques used here.
Moreover, staining strategies of specific structural compounds of cells will be presented. The specific
labeling d cellular structures with luminescent molecules allowed for their analysis bflwgriescence
microscopy as well as by CLSM.

3.6.1 PhaseContrast Microscopy

The principle of making thin, almost transparent, and unstained objects visible by ptadeast
microscopy was first described by Zernike, 19%4.By nature, the human eye can only distinguish
between structures that has a different color (variations in wave frequency) or which differ sufficiently
in light intensity (variations in wave amplitude). However, very thin specimens like cells, ofpayum

in height, absorb almost no visible light. Such specimens showosti no contrast in bright or in dark

field microscopy. This means that the amplitude of the background light cannot be distinguished from
the slightly attenuated amplitude of light that has passed through the specimen. The contrast of the
specimen @) is defined as the difference of background intensi®) @nd specimen intensityd, related

to the overall background intensity:

8 ".,—QJHHP (56)
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Cells absorimot enoughlight, to reducethe amplitude of the diffracted light like an amplitude specimen,
and to be visible without contrast enhancement. However, the speed of light that passes through a cell
is retarded in comparison to the netiffracted direct background light. Hence, theffilacted specimen

light and the direct background light exhibit a phase shift after passing the object, which can be detected
in the image plane. The phase shifts a function of the wavelength of the incident light, of the
thicknesso of the object, and of the refractive index difference between the specimeen @nd the
surrounding mediumg ). The correlation is given by:

c“ ; (57)

where ¢ D is the optical path length (OPL) in a mediui@andy & & s referred to as the
optical path difference (OPD) between specimen and surrounding medium. The phaseaslséiccby a
cell layer immersed in medium can be approximated“foc (Y _jT; withd=5pm, ¢ =1.36,
¢ =1.335, and =500nm (green light)).

Zernicke found a way to optically convert the phase shift of the light into an amplituderdiite of the

light in the image plane, resulting in an enhanced contrast of the image. For obtaining {oloamseast
imagestwo opticaly conjugated compoents have to be placed in the light beam of a brightfield
microscope, a condenser annulus betweertigource and specimen, and a phase plate in the rear focal
plane of the objective Kig.3z26). The condenser annulus causes a separation of diffracted and
undeviated light emerging from the specimen in the objective rear fqdahe. Thereby, the direct
(undeviated) light is focused on the ring of the phase plate. By passing this ring, the direct light is both
reduced in intensity (amplitude) and phase shifted, which is in contrast to the diffracted light that passes
the phaseplate unaltered. The phase of the surrounding light is either advanced (positive/ dark-phase
contrast) or retarded (negative/ bright phasmntrast) byY _j 1, when passing through the phase
plate ring. When the direct and the diffracted light beam are reunited behind the phase plate, they exhibit
then a net phase shift of either 18@destructive interference) or zero degrees (constructive intenfee)

with each other. Focuseih the image plane, the interferences of the reunited light beams generate a
phasecontrast image of the specimen, which can be observed in the ocular. For instance, a destructive
interference of diffracted and direct lighet the details of the specimen appear dark against the brighter
background (positive/ dark phassontrast)[33%33]
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Fig.3z26 Schematic illustration of the crucial components in a phasatrast microscope
together with the light path necessarytgenerate a phaseontrast image of a specimen in the
image plane (modified afte?33). The undeviated light path ishownin yellow and light that is
deflected when passing througthe specimerisillustrated in red.
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3.6.2 Stereomicroscopy

Stereomicroscopes aim to generate a thrd@mensional view of givenspecimen. Thisnakes it superior

to other microscopic techniques in applications where3-®-observation ad a view of depth are
necessary for interpreting structures of a specimen. Moreover, stereomicroscopes have a magnification
range up to 500x (depending on zoom factor, eyepiece, and objective) in combination with large working
distances of Z 20cm, which provides a comfortable working room between the specimen and the
objective.

When observing a specimen through the eyepieces of a stereomicroscope, two separate tighfrpm

the objective to the eyepieceprovide the spatial impression and the perceph of depth. The two
pathways collect light from the specimen in slightly different anglesg20°). Thus, the objective is
observed through the left and the right eyepiece from slightly different perspectives. Due to the human
ability of stereoscopiwiewing, the brain is able to combine these two marginally different pictures of the
object under observation to one thregimensional picture with spatial depth.

YT OEEO xI OE A 03-: XYodpd OOAOAT I EAOI OAT PH | . EE
11.25x was used for the survey of structures on sensor surfaces. A total magnification of 112.5x was
achieved by the 1x objective (Nikon Plan 1x), 10x eyepieces (Ni#n10xB/22), and by using the

i AGEI O Ul 11 EAAOT O 1 A& xpedfigatianss degticodfield @kes/ niniedc@® | OA T
apertures between 2@m/ 0.131 (zoom factor 11.25x) and 1.8¥B/ 0.023 (zoom factor 0.75x) were
obtained. The stereomicroscope was equipped with a Nikon Coolpix 990 camera for digital imaging and
documentation. 363371

3.6.3 Fluorescence Microscopy

Fluorescence microscopy is routinely used in-ai@lytical sciences and has become an indispensable
technique for studying the structural properties of cells. There are different strategies how fluorescence
can be utilized for investigationsf cellsby means of fluorescence microscopy. One approach is based
on the specific binding gfrobemolecules towads a target molecule that is located in a particular region

or structural element of the cell. When labeling such specific binding molecules with a fluorophore a
fluorescent pobe can be directed to the sabllular structure of interest. The localizatiaf the specific
molecuks and consequently of the sulzellular structures they have bound to can be visualized and
mapped by exciting the dye and imaging the fluorescence emission by means of fluorescence
microscopy. This is mainly achieved by using fasmencelabeled antibodies that specifically bind to the
correspondingantigens in the cell (immunostaining). Another strategy aims onitheitugeneration of
fluorescent molecules in the cells. For instance, the absorption and emission spectra cdia ciass of
molecules is altered by intercalation in the DNA helix in a way that they show fluorescence emission in
the visible range. Moreover, fluophorescan begeneratedwithin cells by employing enzymes. In an
enzymatic reaction, a fluorescent dyeamr be formed from a nofluorescent precursor molecule as
substrate. This concept is applied in a variety of assays formats for visualizing enzyme activity in cells,
which serves as reporter for cell viability.

The basic concepts of light absorption anddiescence emission were previously described in section
3.5.1(p.62). Most fluorescence microscopes are used in reflediglt mode, with a collinear optical
path for illuminating the object and for collecting fluorescence from the specimen. This is schematically
illustrated for an upright epifluorescence microscopehiy.3z27, with excitation and luminescence
detection of the objectfrom the top side. Fluorescence microscopy requires a separation of excitation
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and emission light. This is achieved by an arrangement of optical filters, consisting of an excitation filter,
a dichroitic mirror, and an emission filteFi¢.3z27). The filter set has to be adapted to the spectral
properties of the fluorophore that is to be detected. Excitation light from the light source is at first guided
through an excitation filter. Thus, longer and redundantwebengths for the excitation are cut off, in
order to avoid stray light from the light source in the emission range of the dye. The dichroitic mirror
(DM) is chosen to be reflective for the shavavelength excitation light but transparent for the long
wavelength fluorescence emission of the dye. Hence, excitation light is reflected at the DM by 90
towards the object, whereas the induced fluorescence emission from the specimen straightly passes the
DM. After passing an additional barrier (emission) filtitwe emitted fluorescence is focusadthe image

plane. The 2D fluorescence pattern can be observed by eyepieces and imaged with a digital camera.

The fluorescence microscope used in this study, a Nikon Eclipse 90i, was equipped with three different
filter sets, allowing for excitation of fluorophores in the UV, blue, and green range of the electromagnetic
spectrum. The respective filter sets and the spectral properties of the excitation filters, the DMs, and the
emission filters are listed ihab.3z9.

Tab.3z9 List of filter sets that were used for fluorescence microscopy with collinear optical
paths of excitation and emission light. With these filter sets fluorophores could be excited in the
UV, blue, and green speeat range and the respective emission detected in the blue, green, and
red channel. The channel color indicates the spectral range of the emission filter and denotes the
color used for pseudaolor presentation of the fluorescence images.

Filter set Excitaion filter/ nm Dichroitic mirror/ nm Barrier filter/ nm  Channel color
Nikon UV2E/C (DAPI) 340z 380 400 435z 485 blue
Nikon B2E/C (FITC) 465z 495 505 515z 555 green
Nikon @&E/C (TRITC) * 540/ 25 565 605/ 55 red

*the used barrier filtedeviates fromthat in the originaNikon G2E/C filter setwhichcontainsa 620/60 nm bandpass filter

T— Image Plan

Lamp . .
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/' —+—— Dichroitic Mirror
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| |—— Objective

\M/ ____ Specimen

Fig.3z27 Schematic illustration of the excitation and emission beam path through the filters of
an epifluorescence microscope. The excitation filter cufé long-wavelength light coming from

the polychromatic light source (indicated by the blue, yellow, and redw). At the dichroitic
mirror, the excitation light is reflected to the specimen (blue arrow). The induced fluorescence
emission (green arrow) paes the DM, since it is transparent for lewgvelength light. The
fluorescence light is finally guided througim emission filter and focused the image plane.
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3.6.4 Confocal Laser Scanning Microscopy (CLSM)

The main characteristic of a confocal laser scagnimicroscope (CLSM) is the punctual scanning of
fluorescenceexcitataion which is in contrast to the widkeld imaging of fluorescence by an epi
fluorescence microscope. With CLSM, fluorescence is recorded from a defined and narrow focal plane,
while stray light and background fluorescence from the enftfocus plane is suppressed by pinhole
apertures in the light path. Hence, CLSM images exhibit a better resolution compared to fluorescence
images obtained by widdield fluorescence microscopy. Colleagithe fluorescence from defined optical
planes in CLSM also allows for recording the fluorescence in optical secticesajled zstacks, from
different focal planes of the specimen under investigation. After recording, the optical sections can be
re-assembled to a threedimensional fluorescence image of the object on the computer. However, CLSM
images cannot be instantaneously obseniadhe eyepieces like in widéeld fluorescence microscopy.

The fluorescence image in CLSM is acquired by scanning ppiooint and line by line the specimen with

the laser beam and collecting the fluorescence photons by a photomultiplier tube (PMT). This one
dimensional fluorescence information is then assembled into a-timensional fluorescence image
with the CLSM sdfvare on the computer.

The components and the optical path in a basic confocal laser scanning microscope are schematically
illustrated inFig.3z28. The discriminatiorof fluorescence light in the focal planeofn fluorescence
emission outof-focus is achieved by two (confocal) pinhole apertures, being arranged in front of the laser
light source and in front of the PMT. Emission light from thdédous plane can pass the pinhole. Thus, it

can be detected by the T. Fluorescence light coming from the eaf-focus plane is not focused on

the pinhole by the optics in the microscope. Hence, the-ofifocus photons do not pass the pinhole
aperture to be detected by the PMT ajmbnsequentlydo not contribute to thdinal fluorescence image.

Thus, background fluorescence is almost completely separated, resulting irrbagiution images of
fluorescently labeled structures of the cell.

— PMT Detector
In-Focus Emission

Pinhole

ApErtures e -
} Out-of-Focus Emissiot

—— Emission Filter

—— Beam Splitter

—— Obijective

z
/ _ y
—— Specimen X

Fig.3z28 Schematic drawing of the components, and the light path in a basic confocat las
scanning microscope (CLSM). Core components are the laser light source and the photomultiplier
tube (PMT) detector in combination with two pinhole apertures. This allows for separating in
focus and outof-focus fluorescence emission from the specimeriret PMT.

In-Focus
Out-of-Focus
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By increasing the pinhole diameter, the thickness of the focal plane from whhicinescence light is
collectedis increased. This causes an increase in the PMT current, higher fluorescence intensity, and
consequently a better signdb-noise rato. However, an increasing pinhole diameter is accompanied by

a loss in resolution and an increase in the depth of fiéff*% The confocal microscope (Nikon Eclipse
90i) was equipped with three different lasers, which allowed for excitation of fluorophores in the UV
(405nm), blue (4881m), and green (548m) range of the electromagnetic spectrum. Fluorescence
emissionwas discriminated by emission filters for blue (450/35), green (515/30), and red light (650 LP).

3.6.5 Cytochemical Fluorescence Staining

In order to investigate cell layers by fluorescence microscopy, cellular structures of interest had to be
stained. Tab.3z10 providesan overview on the cellular components, which were stained in this work,
together with the probes used fostaining and their spectral properties. The specified channel color in
Tab.3z10indicates the spectral range in which the emission filter is transparent for: lighaser scanning
microscopyfluorescence light is recorded by photon counting and the emission filter in the optical path
solely providesspectral discrimination. Hencehe obtained fluorescence images are in fact greyscale
images without wavelength (color) information. To cope with the wavelength of the collected photons,
and for a better visualization, the grayscale images were psetmlorized on the computer with the
respective channel color. In the following subsections, the experimental cytochemical staining protocols
will be explained.

Tab.3z10 Overview on cell structures angrobes used for staining. For each dyehe
wavelengths of the absorption (Abs) and the emission (EraXimum is listed. The channel col
indicates the spectral range of the emissiand denotes the colorization of greyscale images for
pseudacolor presentation.

StainedCell Structure Probe(s) Abs/ nm Em/nm Channel colol
Nuclei/ DNA DAPI 360 460 blue
Cytoplasm (Live) Calcein AM 494 517 green
Nuclei/ DNA (Dead)  Ethidium Homodimerl 528 617 red
Actin Filaments Alexa Fluor® 488 phalloidin 495 518 green
TRITC phalloidin 544 572 red
Tight Junctions (Z@l) ZO-1 mouse monoclonal antibody 556 573 red

+ Alexa Fluor®46 rabbit antimouse 1gG (H+L

NucleusStaining (DAPI)

The nuclei of cells were visualized by the DAA T A E1 C-didiitik-2-ghényliddol (DAPI)The
fluorescence emission intensity of DAPI is drastically increaBe2D{fold) by its binding to AT clusters

in the minor groove of a doublstranded DNA. DAPI can be excited by a mercury lamp or an UV laser,
since it shows a broad absorption spectrum between 8380nm, with an absorption maximum at
360nm.B*+342F|luorescence acurs in the visible blue rangeE OE AT AT EOOEF460nmAGET Oi

A DAPI stock solutionSjgmaAldrich; St. Louis, MO, USAof 100ng/mL was prepared in deionized
water for nuclei staining of adhergly grown NRK or MDCHK cells. The cells were fixed and
permeabilizedprior to staining, since DAPI exhibits only low membrane permeability. Fixation was



3.6Light Microscopic Techniques 79

performed at room temperature (RT) by incubating the cells foml® with 4 % (w/v) paraformaldehyde
(PFA) in PBS, followed by twofold washing with PBS Cells were subsequemtlpermeabilized by
incubation with 0.24 (v/v) TritonX-100 in PBS for 10min at RT. After two washing steps with PBS

the cellular dsDNA was stained by incubating the cells with a 1:10 dilution (iM)RB$he DAPI stock
solution (10ng/mL) for 2min at RT. Unbound DAPI was removed by washing the cells three times with
PBS™. DAPI was used as bhaitting counterstain in combination with a green or/and a red emitting
staining of other cellular structures.

Actin Cytoskeleton Staining (phalloidin)

PRAT 1 T EAET EO A OI GET £01 1 Gménitaipialfodds it is Kkhawn @ AiddA OE A
specifically to flamentousactin §-actin), whereas it exhibits a much lower binding affinity to monomeric
actin. The phallotoxin stabilizesactin andinhibits the dynamic polymerization and depolymerization
processes of actin filaments in the cells. This specific binding property of phalloidin is utilized for cellular
imaging applications. For this, a fluorescent dye is covalently bound to phalloidieaules. The actin
cytoskeleton in the cells then can be visualized and imaged by exciting the phallrided dye and
recording its emission with a fluorescence microscé&*4Two differently labeled phalloidins were

used forfrf AAOET OOAETET ¢ ET AAI 108 O!'l AgA &1 01 OH 1T 1A
served as greeemitting phaloidin derivaivej g<=4951 | 7m=518nm), whereas TRITBhalloidin
(SigmaAldrich; St. Louis, MO, USAwas applied as redmitting f-fAAQOET  [eAGEAQ | )
Yem=572nm).

Tab.3z11 Protocolto stainfor f-actin (TRITCGphalloidin) and DNA/ nuclefDAP).

Step Rerun Volume Solution Duration Temp.
1 Washing 2x 500 pL PBS*
2 Fixation 500 pL PFA, 4 % (w/v) in PB'S 10 min RT
3 Washing 2X 500 pL PBS*
4 Permeabilization 500 pL Triton-X-100, 0.2 % (v/v) in PBS 10 min RT
5 Washing 2X 500 pL PBS*
6 Transferof cover glasses (3&ell-plate A Parafilm)
7 Actin staining 200 pL TRITCGphalloidin, 3 pg/ mL in PBS 45 min RT
8 Washing 4x 200 pL PBS*
9 Nuclei staining 200 pL DAPI, 1:10 in PBS 2 min RT
10 Washing 3X 200 pL PBS*
11 Trander of coverglasses (Parafilm, petri dish @= 9.04 cr))
12 Immersion >2mL PBS*
13 Storage 1z2weeks 6 °C

Actin cytoskeleton labeling of either NRK or MD@Kcells with TRIT@halloidin was performed
according to the staining protocol ifab.3z11 Cells were grown on small disbaped cover glasses in

the wells of a 12vell tissue culture plate to investigate the stimulus of interest. Prior to staining, the
stimulated cells were fixed and permeabilized, adiog to steps % 5 inTab.3z11 For staining the cells,

the cover glasses at first were placed on a parafilm in a petri dish. Thereby, the hydrophobicity of the
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parafilm surface allowed to place small drops of staining sofutin the cover glasses without spreading.
Hence, volumes of the staining solutions could be minimized to0Actin staining was performed by
incubating the cells on each cover glass withlgBmL of TRIT&halloidin (in PBS) for 45min at ambient
temperature. Unbound phalloidin was removed by washing the cell layer four times with*BBfer.

The protocol includes a bluemitting counterstaining of the nuclei by DAPI, subsequent to tratin
staining step. This was performed by incubating thelxalith 200 uL of a 1:10 dilution (in PBf the
DAPI stock solution ¢&10ng/mL). Afterf-actin and nuclei staining, the cover glasses were placed in
small petri dishes, and immersed with buffer. Microscopic (Nikon Eclipse 90i) observation wagreif

by means of a 60x watdmmersion objective. If protected from light and immersed under liquid, the
stained samples could be stored in the fridge fgr2lweeks prior to the examination by microsgop
F-actin staining of cells with the greefluores A AAT O O!' 1 AGA &1 O1 OH TR -PEAT T T E
color staining together with DAPI (blue channel) and an oraagetting (red channel) antZO-1 staining
(seeTight Junction Stainingelow andTab.3z12).

Tight Junction Staining (ZO-1 Immunostaining)

ZO-1 is a peripheral membrane protein that is, besidesZOccluding, and the members of the claudin

family, a major component oftight junctions gonula occluden¥ in endothelia and epithelia of
vertebrates. Tght junctions () seal the space between neighboring cells and serve as diffusion barrier

along theparacellular pathways. Moreover, ade also responsiblfor the maintenance of epithelial cell

polarity, since they prevent the lateral diffusion of membrane coments between the apical and basal

site of the cell$**>3*1They are accessible to fluorescence microscopic examinations by &steyo
immunostaining of the Z&X DHOT OAET 8-X&EOOORURT AT A1 1T Al AT OEAT AU¢
CarlsbadCA, USA) was added to the cells. It is known to specifically bind to th#& @tein in TJ. In a

second incubation step, the fluorescenteAAAT AAh OAAT T AAOU AT OEAI-AU O! 1
iTOO6A )Yc' j(2,Q0 1, HAEA UsgMAshbund tb D& Addtlonsl AGHOQ A A
antibody. Thus, Z@L can be visualized by the fluorescendeo OEA O! | AGA &3586hr'H Y1 a6
1em=573nm), which is detectable in the orange wavelength range.

The protocol for ZO-1 immunostaining is shown ifab.3z12 Staining forZO-1 was applied in a triple
staining together withstainingfof-AAOET h OEA O! 1 A @Ae&49% 11 GgR=blanpm), DEAT 1 1
and staining for$ . ! x E O B c=860D ) Tj=K60nm). The fluorescence emissions of all three
dyeswasseparated by the three optical filter sets (dfab.3z9), and the stained cellular structuragere
individually examined in the blue (DNA/ nuclei), greeradfin), and red channel (ZO@/ TJ). Cells were
seeded in selmade cell culture wells for staining. These culturesseds were prepared by gluing the
8-well chamberof ECIS® arrays on the bottom of a tissue culture petri dish with silicone grease. By this,
volumes for cell culture and the staining procedures could be minimized. After washing and fixing, the
cells couldbe store for a few days under buffer in the fridge until resuming the staining protocol (steps
1z3inTab.3z12). Afterthe steps ofpermeabilization and blocking (stepsz®b inTab.3z12), the T of

the cells werestained at first. The primaryZO-1 mouse monoclonal antibody was diluted 1:50 in PBS
and wassupplemented with 0.86 (v/v) bovine serum albumin (BSBgfore usage. The secondary, dye
labeled antibody was diluted 1:500 in PB&v/ 0.5% (w/v) BSA) for incubation. It is noted that steps
6z 11 in the staining protocoll@b.3z12) were carried out at 3. After TJ immunostaining, the actin
cytoskeleton was stained (steps 214), followed by nuclei stainin(steps 1516). After the final washing
stepof the staining procedure, the wells were filled with 200 PBS* buffer and the 8wellchamber top

was carefully removed from the bottom of the petri dish. Finally, the petri dish was filledDv@mL
PBS™*huffer and the triple staining was examined using the 60x wat@mersion objective of the CLSM.
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Tab.3z12 Protocolto triple stainfor tight junctions (ZG1 mouse monoclonal antibody + Alexa
Fluor® 546 rabbit antinouse IgG (H+L)), Actin filaments ¢Xh Fluor® 488 phalloidin), and nuclei

(DAPI).
Step Rerun Volume Solution Duration Temp.
1 Washing 2x 200puL PBS*
Fixation 200 uL  PFA, 4 % (w/v) in PBS 10 min RT
Washing 2x 200uL PBS*
(Storage 400 L  PBS* 2weeks 6 °C)
4 Permeabiliation 200 yL  Triton-X-100, 0.5 % (v/v) in PBS 10 min RT
5 Washing 2x 200uL PBS*
6 Blocking 200 uyL  BSA, 3 % (w/v) in PBS 20 min 37 °C
7 ZO-1 staining (1) 200 pL  ZO-1 mouse monoclonal antibody, 1h 37°C
1:50 in PBSw/ 0.5 % (w/v) BSA
Wading 3x 200pL PBS*
ZO-1 staining (2) 200 uL  Alexa Fluor® 546 rabbit aathouse 1gG (H+L), 40 min 37 °C
1:500 in PB3w/ 0.5 % (w/v) BSA
10 Washing 3x 200pL PBS*
11 Actin staining 200 uL  Alexa Fluor® 488 phalloidin, 1:40 in PBS 45 min 37C
12 Washing 3x 200pL PBS*
13 PostFixation 200 uL  PFA, 4 % (w/v) in PBS 10 min RT
14 Washing 3x 200pL PBS*
15 Nuclei staining 200 L DAPI, 1:10 in PBS 2 min RT
16 Washing 3x 200pL PBS?
17 Immersion D20mL PBS*

CellViability Staining (LIVE/DEAD®)

4ER O, )6%T$% $H OEAAEI EOUT AUOT O GEAE @thnode® 6 /&l C
Carlsbad, CA, USAyas used for testing the viability of cells aften @xperimentalstimulation. The
live/dead assay is based on the complementary staining of live and dead cells with two fluorescent dyes
of different color®*"**Thereby, cells which are alive are visualized via their esterase activity. The
enzyme converts the nofluorescent and membrang@ermeable calceidM into the greenrfluorescent

AAT AAENBITjI1Tem=B17nm), which retains inside living cells. The second dye, ethidium
homodimer-1 (Ethdl), is not membrangermeable due to its multiple positive charges. However, it can
enter dead or dying cells with a destroyed and leaky plasma membrane.-Etbitids to he DNA
supposedby an intercalation proces®y which the fluorescence of the molecule undergoes3d-fold

AT EAT AAEAD28 | jT8n=617nm). Thus living and dead cells can be distinguished and
examinedby fluorescence microscopy the green and the red emission channel, respectively.

Live/dead staining of cells was performed by carefully washing the respective cells withapneed
PBS™ and subsequently adding the staining solution, containingh2 calceinrAM and 4uM Ethd-1 in
PBS™. The cells were incubated for at leastr@h in thedark at 37C. After the staining process, the
cells were washed once with prearmed PBS and were then ready for fluorescence microscopic
examination and documentation.
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Quartz resonators have become a promising tool in bioanalytical sensing during the past decades. They
allow for detecting oscillation changesnftional impedance and resonance frequency) arising from
changes of the mechandt properties at the sensor interface, or more precisely within the decay length

of the acoustic wavelY 250nm in water)®*%! Such micromechanical changes are used to detect binding
and detaching events of biomolecules to and from functionalizadntg substrates. The QCM was
successfully applied in a multitude of biomolecular recognition and molecular interaction studies, like
DNA/RNA hybridization and immunosensirt§® Moreover, the QCM has become a versatile tool in
cellular bioanalytics. Here, it issedas a labefree, substrateintegrated wholecell biosensor to detect

and monitor changes inhie micromechanical properties of living, adherent céifg06:209.215.219.231]

In order to make the QCM a more advanced sensing technology, sensor platforms with multiple QCM
readout spots on a single quartz crystal surface have besigded. These QCM sensor arrays are also
referred to as monolithic multichannel quartz crystal microbalances (MQCMs) and airmuitir-
selectivity (by different selective receptors/ ligands immobilizemylti-sensitivity, and multidynamic

range mechanosnsing(by sensor spots with different resonance frequenciesd single measurement

setup. The main field of MQCMs is their use as a piezoelectric nose (gas sensor) or tongue (chemical
sensorP®%lor as osensor array*®%®9., Different recogrition molecules, receptors and coatings on

the different sensor spots of a MQCM allow for a lafvee and timeresolved multicomponent
detection and analysis of a sample. Moreover, one sensor spot on a MQCM array can be applied as a
sensorintegrated reerence channel for compensation of environmental influené&%Besides different
coatings for multicomponent detection, a multiplication of sensor spots also increases the number of
separate and independent readouts amdovidesinformation from different regions of an observed
system. Hence, the nunmdy of measured parameters is multiplied, which results in a better statistical
validation of therespectivequantities.

In this study, a MQCM sensor with a douklectrode layout on a BMHz ATcut quartz crystal was
developed, which is referred to asBEkectrode Quartz (2EIQ) in the following. With this layout, the
micromechanical interactions of adherent cells with the substrate surfasge measured at two
individual sensor spots. Moreover, the two neighboring, coplanar gold film electrodes on thédepfs

the quartzwere usedor the integration of ECIdike measurements on the QCM substrate, without the
need for an additional dipping electrode introduced from the téjig(3z13 p. 48). Thisdual wholecell
biosensor allowed for mulparametric, substratantegrated, labelfree, noninvasive, and redaime
monitoring of adherent cells, thus providing mechanical (viscoelastic) and electrical information
(electrode coverage, barrier resistarjdeom the same cell layer at the same time.

4.1 Layout and Oscillation Properties

4.1.1 2-Electrode QCMLayout

As basis for th@-ElQsensor layout, a blank, Adut 5SMHz quartz crystal disk with a diameter of i¥n

was used. A thin film of chromium served as adbagpromoter for the deposition of gold structures onto
the quartz surface. Two circular gold film electrodes were deposited on both sides, forming two
resonator spots with congruent pairs of electrodes. Tthehnicaldrawing for the electrode layout is
shown inFig.4z1A for the top side, and ifkig.4z1B for the bottom side of the quartz diskig.4z1C
illustrates a side view of the final 2EIQ resonator. A diamefe8.5mm was chosen for each electrode,
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the distance between the coplanar electrodes was set tor2, and the minimal distance between the
electrodes and the quartz edge was set to Bu® (Fig.4z1A, B.

The size of the elémdes and their arrangement on the quartz disk were determined considering four
main boundaryconditions in order to achieve unperturbed oscillation properties of the two QCM spots.
At first, a maximal electrode size has been sele¢wdce the resonatiparea is inversely proportional to
the quartz resistancey (cf. Eq.(30), which determines the intrinsic damping (mechanical loss) of the
I OAET 1 AOT 08 ! AAT OAET ¢ O OEA "6%$ AB&ré&EDdleckdi® AEO
highergs and lowergis  values (cf. Eqs(44) and (45)), which means an increased dissipation
factor and a lowered resonator sensitivity. Moreover, the biggerdtleztrode area the higher is its area
to-circumference ratio. This minimizes the contribution of perturbing electrode edge effects to the total
oscillaon properties of the resonatorThird, perturbing influences of the disk edge should be avoided
by a maximal distance between electrodes and edge. Finally, the ietectrode distance on the quartz
faces should be maximal in order to keep the interference of the neighboring sensor spots minimal.

Additional supply lines served for a contacting of the &ledes at the edge of the disk. The supply lines

of upper and lower electrode were directed to opposite sides in order to avoid undefined and disturbing
oscillation of the quartz material in betweeFif.4z1). The two top sidesupply lines were conductively
connected to contact pads on the bottom side via thin gold films ongéepheryof the disk fed arrows

in Fig.4z1B, C). Thus, all four electrodes could be individually contacted from theboside of the disk
(arrows inFig.4z1C) For recording the oscillation properties of the two sensor spots on 2EIQs, the self
made measurement chamber for 1EI@ssapplied for quartz mounting, by upgrading it to four spring
contacts (cf.Fig.3Z18 p.57. The contact pads were broadenedni? in width) in comparison to the
supply lines (Inm in width) for the purpose of more tolerance in the arrangement of springamis and
quartz disk.

A: top view B: bottom view C: side view
5.5 mm > 55 mm —= ol
2.0 mm - 2.0 mm
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Fig.4z1  Technicaldrawing of the 2E) electrode layout on a BIHz quartz crystal, iI(A) top

view and (B) bottom view. Dark grey areas indicate the electrode and supply line regions on the
backside. Red arrows indicate the bridged contacting of the top side electrodes to the contact
pads on the bottom sideBlack arrows indicate the contact pads of the bottom side electrodes,
which have no bridging contact to the top sid€)All four electrales could be contacted from the
bottom side at the edges of the disk by electrical supply lines and contact pads.



86 MQCM:Multiple Cytomechanic Sensing

4.1.2 Oscillation in Air

The 2EIQ was tested for the oscillation properties of the two individual sensor spots, QCM1 and QCM2
(Fig.4z2 A). The guartz disk was mounted in the measurement chamber ananibional impedances

of resonator onedj , ),and resonator twod, ,, .)jn air were consecutively recorded. Impedance spectra
were recorded around resonaneg 150 equidistant frequencie# a frequency wdow from 4.9MHz

to 5.04MHz whichresultsin a frequency resolution of 4Hz between two measurement pointgvhile

one resonator was excited to oscillation with a potential of &0 forfrequency scans the electrodes of

the neighboringinactiveresonator were on floating potential
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i —a— 2EIQ QCM1: air 3 B —a— 2EIQ QCML1: air
105 L : —o— 2EIQ QCM2: air | : —o— 2EIQ QCM2: air

’ £

K=

Zocws Zocm: S
N

1EIQ ]
—— .. - I H
I Q} 4.98 5.00 5.02 4.98 5.00 5.02
— 7 f/ MHz f/ MHz
D E

[——— 1EIQ
—— 2EIQ QCM2: air
|

—o— 1EIQ
—a— 2EIQ QCM2: air

i jim@y
kOhm

100

-100

498 498
00
; |Z|/ Ohm 502 Re(2)/
ff MHz , 10 tf MHz 0 kohm
II Il
ire j1m(2)/
kOhm
60
20
30
0 0
-30
-60 -20
-90
-40
S 4.98
4.98 10 5.00 w60
. < |z Ohm 5.02 Re(2)/
f/ MHz 5.04 f/ MHz 504 O kohm

Fig.4z2 Impedance data of MHz ATcut quartz disks with 2EI@nd 1EIQayout performing
shear oscillation in aifA). Oscillation properties are shown for botkequentially measured
resonator spots of a 2EIQ, QCM™) and QCM2 {3-), as well for a 1EIQ resonato:-(). (B)
Impedance magnitudegisand (C)phase shifte are shown as a function of AC frequency. Data
pointswere reduced for sake of clarit¢€orresponding D) 3-D Bode plotsgsvs.s vs."Q and(E)
3-D Nyquist plots 2 A® vs.) & vs."Q are shownfor the 2EIQ (QCM2) and 1EIQ. Thé3
spectra of the 2EIQ (QCM2) are in addition shown in separatgrdms for a more detailed view
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The obtained complex impedances of both resonators are showigiz2 (QCM1-=, QCM2:), split

into impedance magnitude (B) and phase shift (C). Plots also comprise characteristic sgectiassical
1EIQ resonator oscillating in air-{-) for comparisonFig.4z2 D, E show alternative ways of spectra
presentation by means of a thre#imensional Bode plotgosvs.» vs."Q as well as a thredimensional
Nyquist plot @ A® vs.) 1 vs."Q. For sake of clarity, and since both resonatofghe 2EIQexhibit
similar spectra, only the oscillation of QCM2the 2EIQis illustratedtogether with the 1) spectrain

the respective D plots.The 3D spectra of the 2EIQ (QCM2) are in addition shown in separate diagrams
below for a more detailed view.

At parallel resonance frequencies’@s ), the two resonators exhibit impedance values of

L €7-10°0Ohm, which is roughly ten times less in comparison to classical 1EIQs. The maximal phase
shift reaches values ofe €45°, which is a distinct reduction in comparison tbEIQs

(C €857 90°). Fom impedance magnitde and phase spectra, as well as from the Bode and D
Nyquist plot, it is obvious that the oscillation properties of both resonators are disturbed at frequencies
near serial resonance. The impedance magnitude does not exhibit a distinct minimum xyp#cted
values in the order afss €10°Ohm. Instead, the curves possess a second, narrow maximum with
LeE10* Ohm. The serial resonance of each resonator is interfered by the presence of temeized
second pair of electrodes, which arer®n apart. The interference mailts ingisvalues, which are close

to off-resonancevalues where the parallel capacitance of the quartz dominates the signal. In the phase
spectra, interferences from the passive resonator are reflected in a second, narrow phase pe@k to

at frequencies below the series resonance (zptase crossing) of the active resonator. In botb lots,

the lateral oscillation coupling with the adjacent resonator spot appears as an additional small loop in
front of the resonance loop of the active osditla InFig.4z2 D, the projections of the curve to the xy
plane (bottom layer) and to the xz plane (right back plane) represent tbeBbde plots of impedance
magnitude and phase shift, respectivelgs illustrated irFig.4z2 A, B. The third projection to the yz

plane (left back plane) illustrates the impedance magnitude as a function of phase shift. This is a rather
non-common impedance representation but it nicely shows the deviatioom an ungrturbed
oscillationdue to oscillation couplingy an additional distinct loop in theurve profile This as well
applies for the D Nyquist illustration of impedancé-ig.4z2 E), where a second loop in the curve of the
perturbed 2EIQ oscillation can be observed (see magnified 2EIQ spectrum) and which is not present in
the curve shape of the 1EIQ spectrum.

4.1.3 Oscillation under Liquid Loading

Since thesis  value should serve as an indicator for thecoelastic properés of cells on the 2EIQ, the
mutual interference in the resonance region of the two resonators had to be eliminated. At first, the
quartz was loaded with water to mimic the initial loading condition for cell experiments and to
investigate whether the dampig by the liquid (viscositdensity product; cf. Eq€24) and(25)) is already
sufficient to decouple the resonators. The 2EIQ was loaded witmL Seionized water and theotional
impedance was recoet sequentiallyfor each sensor spot. 1Rig.4z3, the obtained(B) impedance
magnitude and(C)phase shift are shown as a function of frequenig.4z3D, Eillustrate the QCM2
oscillation impedace as @ Bode and ® Nyquist plotg(note: for comparison purposes the scales of
axes inFig.4z3D, E are chosen equal as in the respective diagranisgiz2 D, E).

Impedance and phase speatiare similar for both resonator spots, QCM#( and QCM2 ). The
whole impedance spectra are damped in water with respect to oscillation in aiFi¢c4z2). This is
reflected in lower values gfs  (€3-10¢ Ohm) ande (€15°), and broackr peaks of the resonance
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curves. In D spectra [ig.4z3D, E), damping due to loading the 2EIQ with water is reflected in a
decrease in the diameter of the resonance loop. Moreoverythele spectra are slightly shifted to lower
frequencies compared to the unperturbed quartz oscillation in air. Damping and frequency shift was due
to the viscosity and density of water. In the BVD circuit, quartz loading with a Newtonian liquid causes
an aditional motional impedance @ ) in series to the motional branch impedanced () of an
unperturbed resonator (cf. Eg48)andTab.3z6, p.44), and contains dissipative (real part)vasll as non
dissipative (imaginary part) contributions. The damping of the oscillation also goes along with a damping
of the interference peak in the serial resonance region of tH2 Bode plots and with a reduction of the
OAT OP1 ET ¢ 11 1Ive3DpEts. OEA OAOPAAOE

Nevertheless, the mutual interference between neighboring sensor sp@ts noteliminated by simply
loading the quartz with a Newtonian liquid like water or cell culture medium. The remaining, significant
perturbation still precludes the erdction ofgs  values from the spectra, which are required
indicator for time dependent alterations of the oscillation damping. In order to allow for this, the
oscillations had to be uncoupled.

T T
—s— QCML1: water 90 |+ —a— QCML1: water 4
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Fig.4z3 Impedance data of a BIHz AFcut quartz disk with 2EIQ layout that performs shear
oscillation with one face immersed in wat@). Spectra are shown for the successively meadur
sensor spots, QCM1#%) and QCM2-). (B) Impedance magnitudegisand (C)phase shifte

are shown as a function of AC frequency. Data points were reduced for sake of clarity. A respective
(D) 3-D Bode plot andE)3-D Nyquist plot are exemplarily shown for QCM2.

4.1.4 ResonatorSynchronization

Based on theesults presated in chapterst.1.2and 4.1.3it is uncertain whethethe disturbance near
the serial resonance frequency of each sensor spot arises from the presence of thenadjactrodeor
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not. In order to exclude further parasitics, not timelividualbut the oscillation impedancey , = ,)0f the
combined two resonators on a 2EIQ were investigated. Therefore, the two electrodes on the top side as
well as the two electrodes on the bottom side of the 2EIQ were shivduited Eig.4z4 A). By applying

an AC voltage, the two resonators oscillated simultaneously, resulting in an averaged resonance curve of
the two separately oscillating sides. Impedance spectra near resonance were recorded for the oscillation
in air, under liquidoading, and after attaciment and spreading of adherent cells. The respectiv® 2
Bode plots are illustrated iRig.4z4 for impedance magnitude (B) and phase shift (C), as well as-the 3
Bode (D) and the-B Nyquist plots (E). 1L of cell culturanedium were added to the measurement
chamber forthe measuremenunder liquid loading. The impedance spectrum for the resonator covered
with a confluent layer of adherently grown MD@Kcells (wtells) was recorded 24 after seeding
450000cells/cm? on the sensor surface.

—a— QCM1+2: air 90 | —a— QCM1+2: air
1+2 —a— QCM1+2: medium —4— QCM1+2: medium
5 QCM1+2: w/ cells QCM1+2: w/ cells
107 E L 4
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jim(2)/
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[\ —*— medium
w/ cells

10
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Fig.4z4  The electrodes on both faces of a 2EIQ disk were shimcuited (A). Impedance
magnitude(B)and phag shift(C)are shown for the oscillation under different loading conditions.
Oscillations were recorded in ai®®& ), under loading with medium-§&-), and with a confluent cell
layer on the surface{~). Data points were reduced for sake of clar{y) 3-D Bode plots andE)
3-D Nyquist plotdor the respective oscillations.

Interference or disturbing effects near the minimal impedance are detectable neither in the impedance
magnitude nor in the phase spectra of shaitcuited 2EIQ resonators, independenf the loading
condition. The shorcircuited spots exhibit a resonance curve similar to that of classical 1EIQ
measurements. In air {® ), the doubleresonator possesses characteristic impedance values of
5 €4-1000hmandgs €6 -10°0hm. The phase maximum  €65° is reduced bip 25° with
respect to the classical 1EIQ layout (cf. exemplary 1EIQ speckayidz2 B, C). This shift indicates an
increase in energy dissipatiataused by the newelectrode layout. By loading the sensor surface with
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medium (- ), the oscillation is further damped, resulting in values ®s €1.5-1¢' Ohm,

g5 €9-1¢ Ohm, ande €35°. After these measurements under liquid loadinggetmedium was
exchanged by a suspension of MD@Kells. One day after seeding (4800cells/cm?), after cells have
formed a confluent monolayer on the surface, tligCMimpedance was recorded again<(). The
resulting spectra were further damped comparameasurements under liquid loading and in air. The
maximal impedance and phase were reducedsfig  €0.75-1¢ Ohm ande €6 °, respectively,
whereas the minimal impedance value increasedgiis ~ €12-1¢ Ohm upon loading the short
circuited 2EIQ resonators with a layer of viscoelastic cell bodies. In-iheBectra, Bde (Fig.4z4 D) as

well as NyquistKig.4z4 E) presentationthe gradual increase of damping from the initial oscillation in

air to mediumloading and finally celloading is reflected in a decreed radiusof the resonance loops.
4EAOA OAPOAOGAT OAGEIT T O AOOOEAO Ai 1l £FEOI O1 DPAOOOOAAA
in the curves.

Thus, the mutual interference of the resonators can be eliminated by simply sh@uaiting them.
However, this resembles the electrical situation for a classical 1EIQ, but with the drawbacks of a smaller
resonating area and the loss of two separate, individual measurement regions/ spots.

4.1.5 ResonanceDecoupling viaSelective Rigid Coating

The experimentshown above together with additional preliminary experiments, where se@sor spots

were selectively damped with a highly viscous loading (data not shown), provided evideaicéhe
perturbation in impedance signals on a 2EIQ i do the neighboring eldcodesand that this coupling

was reduceddy loading one rsonator with a damping materialAccording to the Sauerbrey equation
(Eq.(23)), deposition of a rigid mass on the resonator surface is directly proportional to a dedrease
resonance frequency. Subsequent experiments aimed to systematically coat one resonator on the 2EIQ
with a thin layer of a rigid mass, while leaving the second resonator uncoated. Thereby, the resonance
frequencies should be uncoupled to an extent thads sufficiently high for suppressing resonance
interference between QCM1 and QCM2. As rigid material a photopolymer (PhoP) was used, which could
be spin coated on the quartz disks and subsequently structured by photolithography. According to the
spin coaing protocol (cf3.3.3 p.46), a film of PhoP was deposited onto the top surface of a 2EIQadlisk
3500rpm. By means of photolithography, half of the PhoP was subsequently rechorasulting in a
resonator with rigid loading on one half (QCM1) and an unloaded resonator (QCM2) on the other half of
a 2EIQ top surface~g.4z5A).

After PhoP drying, thanotional impedances of the structured 2EIQ werecagded.Fig.4z5 shows the
spectra of(B) impedance magnitude an@C)phase shift for QCM1 and QCM2 measured successively
(= ,-0-) andfor synchronizedsensor spotg-e-). Fig.4z5D z G illustrate he oscillation impedances in
3-D-Bode (D, F) and-B-Nyquist diagrams (E3). Resultingharacteristic impedance parameter§fs

LB ,QQ, "Q$ , LB, ) of the separately measured msator units are summarized in
Tab.4z1. It is noticeable that the resonance of the coated QCML1 is shifted to lower frequencies by about
22.5kHz with respect to the resonance of the uncoated QCM2. However, QCM1 and QCM?2istilaw s
profiles in the spectra of impedance magnitude and phase shift. This is reflected quantitatively in similar
values ofdls ,%s , ande for both resonators Tab.4z1). The similarities of QCM1 angCM2

in oscillation parametersan be nicely seen in thel3impedance illustrations. Thgz-projectionsof the

3-D Bodeplot (Fig.4z5D; S5 plane) andthe 3-D Nyquist plot Fig.4z5E;2 A® -) 1 & plane) both
visualize the similar resonance properties of QCM1 and QCM2, by almost perfectly cohgruges

The only difference of thieresonance charcteristics is teentionedoffset along the frequency axis, as
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noticeable in the @ graphs and xzand xyprojections.No damping in the vibration of QCM1, due to
the polymer film, can be observed. Hee, vibrational energy is stored and not dissipated by the PhoP
coating, confirming the rigidity of the film. Moreover, QCM1 and QCM2 exhibit distinct impedance
minima without any detectable perturbations. This is also reflected in the absence of anyplifogu
loops" in the 3D impedance presentations of the two sensor unifg(4z5D, E) in contrast to the
spectra of a not decoupled 2EIQIQ, p.265). Hence, near fundamental resonance, neither of the two
sensor spots interfers with the other one anymore. With this approach, the two sensor smuts
mechanically decoupled, while the vibrational energy and, thus, the impedance sensitivity of eadn sens
spotwaspreserved.
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Fig.4z5 Impedance data of QCM1 and QCM2 on &2 air, when one electrode on the top
side was loaded with a rigid film of photopolym@). Spectra of impedance magnitud®) and
phase shift(C)were recorded for QCM1#) and QCM2--) in series, and for shedircuited
QCM1+2 in parallel¢-). Data points wereeduced for sake of clarityD), (F)3-D Bode plots and
(E), (G)3-D Nyquist plots of QCM1 (black), QCM2 (blue), and QCM1+2 (green).
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By short circuiting the decoupled QCM1 and QCM2 on a 2EIQ4z5A), the combined oscillation
impedances of both resonators) , . wererecorded in parallel with a single frequency sca# in
Fig.4z5). The impedance spectra exhibit two consecutive resonances, which can be assigned to the
QCM2 resonator in the higher frequency region and tGNJL in the lower frequency region, since the
resonance of the latter is shifted to lower values by the rigid loading. Significant differences can be
identified between the impedance profiles of sharircuited resonators and impedance profiles of
separatey measured QCM1 and QCM2. The impedance parameters near paratiebres as well as far
from resonancewere strongly affected by the synchronization of the two top electrodes and the two
bottom electrodes on a 2EIQ. In thel3 plots this is reflected bya compression of the loops of both
sensor units along the impedance magnitude gkigy.4z5 Fvs.Fig.4z5D) and along the imaginary and

real part axigFig.4z5G vs. Fig.4z5E). In the latter cases theesonance loopghereby are similarly
reducedalong both axis. Consequently, the circles in the Gaussian plandd§ -) | &) are reduced in
diameter. In this context, it is striking that resistive and reactive contributions are minimized to an equal
extent, resulting in a perfect circle in the complex plane.

Tab.4z1 Typical acillation properties of the two resonators,dM1 and QCM2, on a 2EIQ in
air and 24 after liquid loading with medium(N=1). QCM1 was coated with a film of
photopolymer (PhoP). Values werestimated by splineinterpolation of data points in the
correspondingrequency regions.

Resonator Load Qs I s/ Q o Qs I s e
MHz kOhm MHz MHz MHz kOhm
QCM1 + PhoP air 4.9825 1.2 4.9826 4.9870 4.9873 66.7 60
medium 4.9800 2.0 4.9810 4.9849 4.9859 23.9 26
QCM2 air 5.0051 15 5.0054 5.0094 5.0098 55.9 52

medium 5.0026 21 5.0039 5.0066 5.0080 17.0 16

In subsequent experiments, the oscillation performance of the 2EIQ resonators with partial PhoP coating
were tested under liquid loading. 1m8L of cell culture medium were aeéd to the quartz and the
motionalimpedances of QCM1 and QCM2 were measured aftdr. Z4is incubation period was required

in order to enable equilibration in liquid (€fig.5z12A, p.130. Fig.4z6 showstypicalimpedance spectra

of PhoP coated QCM1#%-) and uncoated QCM24-) under liquid loading. The oscillation profiles of the
two resonators are damped to a similar degree upon liquid loading of the quartz, dihe tdscosity of

the medium. Moreover, the spectra of the two resonators are equally shifted By5kHz to lower
frequencies. Similar responses of QCM1 and QCM2 towards loading with medarmobserved by
similar changes of the characteristic impedance parameteiQ ( L Ls ,QQ, Qs , B,

. ) of both resonatorsTab.4z1). Hence, the PhoP coating on QCM1 does not influence the sensor
response upon exposing the resonator surface to liquid.

These results prove that the polymenodified 2EIQ can be useas a MQCM in air as well as under cell
culture conditions (= liquid loading). Seeding cells on the 2EIQ surface should allow for sensing the
cytomechanical properties at two sepate and individual sensor spot§he twofold cytomechanic
sensing is showrior a multitude of different assays in chapter2 (p.129ff.), where the additional
integration of ECISike measurements on the 2EIQ substraisslemonstrated.
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Fig.4z6 Impedance data of QCM1 and QCM2 on a 2EIQ under liquid loading, when one
electrode on the top side was coated with a rigid film of P8R Specta of (B) impedance
magnitudeand (C)phase shift weresuccessivelyecorded for QCM1-#-) and QCM2-4-). Data
points were reluced for sake of clarityfD), (E)Corresponding & Bode and ® Nyquist plots.

4.2 Decoupled2EIQs:Impact of FHIm Thickness

It hasbeenshown that the coupling between the two resonators, QCM1 and QCM2, on 2&d@sided

by loading one resonator with thin layer of rigid photopolymer (PhaRef. Fig.4z2 vs.Fig.4z5). Due b

the additional rigid mass on one resonator, the effective thickness of the-(&=s9 oscillating material

was increased. This increase resulted in a shift of the resonance frequency to lower values. The following
section focusses on theorrelation ofthe film thickness with the change of resonance parameters and

the degree of decouplingrhe height of deposited PhoRyerthereby was triggered via the spin coating
velocity. These investigations also enabled to derive an empirical formula for the etitimaf film
thicknesses from the difference oésonance frequenes of both resonators on the 2EIQ.

4.2.1 Degree ofDecoupling as aFunction of AIm Thickness

According to the spin coating and photolithography protocéid.3z11 p.46), one electrode on 2EIQ
resonators was selectively coated with a thin layer of photoresist. In order to obtain different heights of
the polymer film, coating was performed at different rotational velocitibstiveen2000and 4000rpm).

Quartz discs were spin coated at the various velocities in two separate test series. The photopolymer
used in both was the same, however the different batches ha@dgerelated differentflow viscosity

i OEOAT OE OU . Ahdr sphdoatihg, phdtoithography and drying of the 2EIQs, thesonators
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were mounted in QCM chambers and impedance spectra of the pohcoated resonator (QCM1) and
the uncoated resonator (QCM2) were recorded infig. 477 A showstypicalimpedance spectraf discs
ATl AGAA xEOE Ol. iThk dreqizicieOdf allispetirh Wede normalized with respect to the
resonance frequency of theorrespondinguncoated resonatorQCM2 Thus, the plot illustrate the
resonance shift of theoated sensor spatrelative to the uncoated ore Thereference spectrum of a
QCM2 oscillation is shown as weit). The same applies for the impedance representation of quartz
AEOAO Al AOAA xEOE FiQ.uzAX The rBshlts fomBydtH tési sAriddedly showthe
spectral shift of the oscillation to lower frequenciwgh a decrease in thepin coating velocityindicating

an increase in the layer thicknesshis shift is quantified by the frequency change bk tminimal
impedancei"gS . Bythe applieddifferent velocitiesand polymer viscositiespectral shiftsn the order

of ¥'Qs €Q15z30)-1G Hz areobtained
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Fig.4z7  (A), (C)Impedance spectra of QCM1 resonators on a 2EIQ, loaded(@)t®1 1 A6 AT A
(C)O1 Aphdtoresist at different spin coating velocities. Spectra were normalized with respect to

the resonance frguencyat s  of the correspondinguncoated resonator, QCMg-). Data

points were reduced for sake of clariyiagrams(B), (D) next to the spectrashow theaveraged

spectral shifsof impedance minima}""gS , due to polymer coatings a fundbn of spin coating

speedb (mean+ SEM, NJ 2). Individual values and errors refer Tab.4z2 The dashed line<{(--)

in eachplot represensthe outcome ofalinearregression analyis of data points.

The deposited polymelayersin both test seriegprove to be sufficiently thick to decouple QCM1 and
QCM2 resonancesThisis evidentin the impedance spectrhy the disappeared interference near the
fundamental resonanceswhich are observed for nedecoupled resonatorgcf. Fig.4z2). This even
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applies for the highest spin coating spee®0 rpm)1 £ O E Apho@pokkmed, which resulted in the
smallesti"gz5 value(C15.4 (10.2)kHz fmeanz SEM; N=5)) and the thinnest deposited film of both

test series {+ in Fig.4z7C).However, one can recogniztight disturbances offesonance in the QCML1
impedance spech, in the region of QCM2 resonanc&hese look like a side resonance due to
interference with QCM2, which becomes apparent by a zeianto this regionifiset graph irFig.4z7A,

C). It is also obvious, that this disturban(Iéu@Q5 =0is significantly more pronounced with increased

spin coating velocities, i.e. at decreased layer thicknesses and smaller shifts of the (main) resonance.
What else can be stated is that, except for the frequency shift and the mestiatight disturbances in

the spectra, there is no significant difference in the overall shape of the impedance spectra between the
QCM1 resonators with different polymer thicknesses, just as less as between the coated QCM1 and the
uncoated QCM2 resonatordHence, the dissipative oscillation properties of the 2EIQ resonators are
independent of the thickness of rigid loading within the investigated scope.

From normalized impedance spectra as showRiim 4z7A and C, the valued the shift of the resonance
frequency relative to the uncoated resonatiffg s Were extracted and averagedr eachspin velocity

of eachtest series (individuamean values and errors refer tdab.4z2). Diagams Fig.4z7B, D
illustrstrate these}“"gs valuesas a function of spin coating velociby(® ). Corresponding results of a

linear regression analysis are shown as well, by a dashed-:ng According to thelinear relation in
Fig.4z7B, a reduction of the shift by 6 kHz per 1000pm speed increase could be approximated for the

Ol 1 A6 DEI Ol OAGEOO AT A AiTAEOEIT O OOOAEAA EMBMOA8 4
errors of mean values by instrumental weighting. The big error bar at 2000(Fig.4z7B) arises from

only double determination o¥'Qs  values at this spin velocity. T OEA AAOA T &£ OEA Ol
reduction of the frequency shift bl 4.7kHz per 1000pm speed increase was obtained, based on the

slope of the linear regression. This reduction rate is significantly lower in comparison to the first test
OAOEAOG xEOE OEA Ol 1 Atlde loRd llo® Vis0si.E OOh xEEAE OAZE AAO

4.2.2 Film ThicknessDetermination

Additionally to the QCM impedance investigations of spin coated quartz disks, profilometry
measurements were performed of similarly coated glass substrates in order to get information about the
film thickness of the polymer coating. The height differences between the polymer film and the uncoated
substrate were determined by means of white light vertical scanning interferometry by nanoAnalytics
AT i DATU j-i100AOR ' Adi AT UQhOBGO GEE ICA A . Tadindad AT 8043
Three substrates were coated with | 1pAoforesist at different spin coating velocities (2000, 2500,
3000, and 350fpm). By subsequent photolithography, half of the polymer was removeéid.gz11,

p. 46) and height profiles were determined at two different polymer edges for each substata. from

a typical optical profile measuremenare illustrated inFig.4z8 A, obtained fom a substrate thathas
beencoated with photoresist at 300pm. The image shows the fielaf view (D 1x1mm) at the edge
between substrate and polymer. In this particular measurement, a height differen€@=&474m was
determined between the planesf polymer and glass substratBig.4z8 B summarizes the profilometry
measurements of all spin coated substrates. The thickness values were averaged for substrateg with
samecoating speed\alues refer toTab.4z2) and plotted as a function of the rotational speed used for
spin coating. Film thicknesses varied in the range @inl i.e. betweenD 4.2um for a velocity of
2000rpm and D 3.2um for 3500pm. In accordance to thedata provided by the photoresist
manufacturer Bt an exponential correlation between layer thickness and coatspged can be
assumed This is represented by a dashed lin€ig.4z8 B.
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Fig.4z8  (A)Result of white light vertical scanning interferometry of a glass substrate that was
partially covered with PhoP (spin coating at 3G9én and subsequent photolithography}B)
Representation of the measured height of PhoP as a function of spatingp velocity
(meant SEM, N=6). An exponentialcorrelation between data pointsan be assumed( ---). (C)
For each coating speed, the polymiayerthicknessQand the resonance frequency shiftQ ¢
(cf.Fig.427B) were plotted against each otheAsssuminga linear relationship ¢--), the
corresponding equation is given bjgh X 81 B[z P RBFQ( W'Q,
Tab.4z2 Resonance frequency shtff‘gs of 2EIQ resonators with one half of the sensor
surface coated with PhoP layers of different thicknesses, via various spin coating velocitids i
subsequent photolithography (meaiSEM, N=27 7). Height value€d £ 1 AUAOO xEOE OI 1 A6
were obtained from white light interferometry measurements (d¢fig.4z8 A). Applying the
empiric calibration in Eq58) to the Y@, OAT OAO 1T £ OAOT T AOI 06 AT AOGAA xE
provides calculated values of the deposited polymer heidbt, .
Oi 1 A6 OET O Ol Ax6 O0ET O
0/ rpm YQs [kHz @ um YQs [kHz Q /pm
2000 @29.2 (x 17) 4.17 (£ 0.04) 24.6 (£ 1.0) 3.5(x0.5)
2500 26.9 (£0.1) 3.67 (£ 0.04) 22.7 (£ 0.6) 3.3(x0.5)
3000 3.7 (£ 0.3) 3.50 (+ 0.06) (20.1 (x 0.4) 3.1(x0.5)
3500 21.6 (£0.7) 3.18 (+ 0.03) Cl7.7 (£ 0.9) 29(x0.5)
4000 - - Cl5.4 (£ 0.2) 2.7¢0.5)
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With the information about PhoP height and the corresponding resonance shift for different spin coating
velocities, the first two parameters could be related to each otherFitn4z8 C the measuredPhoP
height Qs represented as a function of the corresponding resonance frequency)”é@gt . Assuming

a linear relatioshipbetween the data points, in consideration of standard errors (direct weightinp of
(YEr) anoS’Qs (XEr),"Qs expressed as a function &r‘gs

‘oh X881 jza paBRIOE Q. (59)

Hence, one could approximat®r this type of photoresisthat an increase of the layethicknessby

D 80nm is corelated with a resonance frequency shift @ kHz of the coatedwith respect to the

uncoated resonator.

Eq.G89wasADPI EAA O AOOEiI AOA OEA £EI I OERAGLOAGO 1 £
determined values of"gs (cf. Fig.4z7D andTab.4z2). This providegalculated heightsQ of the
depositedPhoPlayersin the range oD 3.5um for 2000rpm andD 2.7um for 4000rpm (values liged in

Tab.4z2). Standard errors of mean values were calculated according to the Gaussian error propagation

It is noted that these are ainly determined by theparameter uncertainties in E¢58) and lessby the

accuracy ob'Qs AAOAOI ET AOET 108 )1 Al i DAOEOT TFig@sBéidA AAC
Tab.4z2), the deposited films with the new batch of photoresist were thinner at spegifit welocities.

4.3 Discussion

4.3.1 2EIQSensorLayout and Oscillation Properties

In this project, a new MQCM sensgasestablished that allowed for measuring mechanical changes at
the quartz interface at two separate sensor spots. A novel electrode layout pngvidio electrodes on
both faces of a MHz ATFcut quartz plate Fig.4z1) was designed. This novel dual QCM sensor is further
referred to as ZElectrode Quartz (2EIQ).

Interference of 2EIQResonators

The two resonators on a 28, QCM1 and QCM2, exhibited mutual disturbances in their oscillation
characteristics in aiHig.4z2) as well as when one face of the disk was immersed in Waitpg3). Such
lateral coupling &ects between adjacent oscillation units of a MQCM sensor were already considered
experimentally (5335536036215 \well as in theoretical approachd®33¢4 in literature. Frequency
interferences occur when two resonators are brought too close to each other, so that the decay lengths
of their shear displacements overlap. This happens predominantly when the distance between
resonators withsimilar electrode diameter and similar resonance frequencies is rather §kikllhe
litertaure studies, however, consider only the simultaneous oscillation of two adja@sonators, which
exhibit a parallel and an angiarallel oscillation mode in cases of coupling. ForMHz ATFcut quartz

with two detuned resonators (10@m difference in electrode thicknessasshown by simulation that

an electrode distance of hm (ratio distanceto-quartz thicknes<J¥Q =2.96) causes a croseass
sensitivity of D9 % for the thinner resonator. This means that in cases of a homogeneous mass
deposition on the quartz platalmost 10% of the detected frequency shift on theh{bner) resonatois

due to mass deposition on the second resonator. This coupling facasreduced to negligible values of

D 1% by increasing the electrode separation distance tmr8 ((FQ =8.88)1%4 Mechanical inter
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ferences between oscillating units imply that their shear displacements overlap. This means that the
characteristicdecay lengths of the oscillation amplitudes (of two simultaneously resonating units) have
to coverat least halthe distance between the electrodeFor a 8MHz AFcut quartz crystals with similar
double-electrode design, lte oscillation region, i.e. the decay length of vibration beyond the electrode
edges was reported to be in the range & 1mm.B% The 2EIQs used ithe presentedstudies were
designed with an electrode spacing ofrEn (cf.Fig.4z1) and the quartz oscillations of the two adjacent
resonators weraneasured successively, so that a crosstalk between the oscillating unit and the inactive,
not energizedunit was not expected to occuNevertheless, interferences in oscillation were observed
so that mechanical coupling obviously occurred across the {iatectrode, blank quartz material.

Calculation of Shear Amplitudes of 2EIQResonators

According to a theoretical model by Martin et &f®), the shear amplitude of an Adut quartz resonator

at a distance from the centeri of the quartz disk can be calculated. It is based on a Gaussian
distribution of the shear amplitude of an oscillating quartz material sandwiched between two electrodes.
The maximal amplitude is located in the center and deceadially to the edges of the electrode.
However, motion at the edges of the electrode is not zero, since the oscillation amplitude decays across
the electrode edges and beyond. The shear amplitddat a certain distance from the center of the
electrode can be described according to the Gaussian function:

o ox ! (59

where® is the maximal shear amplitude in the centerof the electrode(i =0), 0 is the widh of the
Gaussian function, and is the radius of the electrode. For shear amplitudes of the quartz oscillation in
air and in water, Gaussian distribution coefficientstf =2.84 and0 =2.03were found3°
Integration of Eq(59) over the entire electrode surfaqaovidesthe average shear amplitude :

w w N i ¢ 1Qil “i
® Q
o P (60)

According t0°®®° ¢ is also accessible from the electromechanical properties of the quartz plate and the
applied amplitude of driving voltag@r by:

‘ YQ 61)
© Yoo
In Eq.(61) Q is the quartz thicknessy is the total motional resistanceX Y Y, whereY and

'Y are the motional resistances of the quartz itself and of the loading, respectiv@ly)js the
piezoelectrc stress constant) is the electrode area, and is the angular resonance frequency of the
quartz { ¢ "Q). Thusw values dependent on specific resonator properties are obtained, which,
inserted in Eq(60), providethe maximal shear amplitude in the center of the electrode. Borovsky et
al. used scanning tunneling microscopy to measure the lateral amplitude of vibration of-antAjuartz
resonator *% revealinga relationship betweenw , the driving voltage'Y , and the quality factod

(=& TY ) of the resonator, according to:
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0 X8T1 jXIYbjesxD I (62)

Johannsmann and Heif%'have proven this equation for the amplitude of motion with a calculation
based on a transmission line model. Using either the theoretically (B8s.(61) or experimentally
(Eq.(62)) obtained values ab , the shear amplitudes at any distance from the electrode center can

be calculated by applying E(9). Based on tis, Heitmann and Wegenéf?®! calculated the lateral
amplitude distribution of a classicalHz ATcut quartz resonator, sandwiched between dveircular
gold-film electrodes of Gnm diameter (1EIQ), under liquid loading and for various driving voltages. For
a driving voltage of 0.19 (whichhas beerusually used ithe QCM $udies presented in this wojkthe
calculationsyield shear amplituds of ® =2.3nmando =0.5 nm in the center of the electrode.
These calculations were now made for the 2EIQ resonators, too, for oscillation in air and under liquid
(water) loading. For the sake of completeness and in order to al€lQ analoge for comparison with

the calculated 2EIQ values, calculations for 1EIQ oscillations in air were additionally performed. The
correspondingprofiles of the shear amplitude as a function of distancefrom the electrode center are
shown in Fig. 4z9 for 1EIQ (A) and 2EIQ (B) oscillations in air and when one quartz face is loaded with
water. The parameter values that were used fbe calculations ¥, 0,Y ,& ) andthe calculated

values of0, ® , ® ,andew for 1EIQ and 2EIQ oscillations both air andwater are listed in
Tab.4z3.
A 1ElIQ ry B 2ElQ r, r,+d
> r ( =
d
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—0O— air (theory)
—&— air (exp) 0.15
—O— water (theory)
—8— water (exp)

—0O— air (theory)
—&— air (exp)
—O— water (theory)

—&— water (exp)
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Fig.4z9 Calculated shear amplitude» as a function of distance to the center of the
electrode for a 1EIQ resonat@h) and one oscillating unit on a 2E(@)with *Y =150mV. Values
were estimated with theoretically (theoryj®® and experimemally (exp)®%® based equations for
oscillation at resonance in air and in water.indicates the radius of the electrode aifzstands

for the interelectrode distance of a 2EIQ.

The graphs irFig.4z9 show maximal oscillation amplitudes at the electrode cenier ) mm) and nor

zero shear amplitudes at the electrode edges={ ) for both types of resonators (1EIQ with =3mm

and 2EIQ with  =1.75mm), inair as well as under liquid loading. The discrepancy between theoretically
and experimentally obtained values of more than a factor of four has been described 86?8 This
observation applies to the 2EIQ values, too. Compared to the 1EIQ oscillation, the amplitudes of 2EIQ
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resonators are significantly smaller, whighseen best for the maximal shear amplitudeiat 0 mm in
Fig.4z9. For 2EIQs, maximal amplitudes@f =0.7nm (in air) ando  =0.3nm (with one quartz face
immersed in waterpre estimated. At the electrode edges E€i ), the shear osdition has decayed to
5.8% (air) and 13 % (water) of the maximal value, respectively. At the distaned +'Q(=3.75mm),

i.e. at the electrode edge of the second, roacillating unit, the shear amplitude of the active resonator
has decayd to 0.0002% (in air) and to 0.00% (in water) of the maximal amplitude. According to these
calculations, motion of the quartz material due to an adjacent active resonator is negligible at a distance
of 2mm, where the electrode edge of the inactive restor is located.

The results from shear amplitude calculationamot readily explain the observed coupling of the
adjacent sensor spots. Henceither the experimentally based equation underestimates the motion
profile of the oscillating quartz materiafr other not yet considered effects play a crucial role in the
electromechanial coupling and interference of the resonators.

In the course of the calculatior@bove inconsistenciesvereobserved in the trends ab andw values

for the theoretically and experimentally calculated values. This becomes evident by comparingithe
Tab.4z3. With decreasing) -factors, the experimentally obtained, maximal shear amplitudiss
decreased likewise (see H§2)). However, for the theoretically obtained averaged and maximal shear

amplitudes,® andw , there is a discrepancw and @ values are lower for the

1EIQ osttlation in water { =2500) than for the 2EIQ oscillation in watér£ 1600). Thi®bservationcan

be explained by a closer look at K1) that has beerusedto determinew . Calculations for 1EIQ and

2EIQ average anljudes only differ in the denominator valuésand'Y . Both values are related to

each other but do not change to a similar extent. In the present case) tbé product for 1EIQ in

water isbiggerthan for 2EIQ in water, and shear atitpdes of the former resonator are consequently
lower than of the latter. This is vice versa for oscillations of both resonators in air. For this reason, shear
amplitude values from theoretical calculations (Eq60) and (61)) cannot be used for comparing
resonators of different electrode size.

Tab.4z3 Used parameters for calculating the amplitude of shear oscillatioim the center of
1EIQs and 2EIQs under air and liquid (water) loading. The resonators were basétHan/oFcut
guartz disks1( B “'®=3.14-10Hz,’Q =330um);'Y and® are averaged frommeasured
values Y BY Y,& BO )Ii&d ,)Iid Pgs Y Y 0B jY )
the amplitude of the driving voltage was sett =0.15V, and Gaussian distribution coeffiits

of0 =2.84 and) =2.03B%lwere used.
Typeof { / o/ Load Y |/ o / 0 w / ) /I /
Resonator mm mm? Ohm MOhm nm nm nm
1EIQ 3.00 28.27 air 100 1.5 15000 3.2 5.8 17.6
water 600 1.5 2500 0.5 1.0 2.3
2EIQ 1.75 9.62 air 450 1.5 3300 0.7 3.8 11.5
water 950 1.5 1600 0.3 1.8 4.2

Resonator Synchronization

It wasfound that the oscillation disturbances of 2EIQ resonators in air and in liquid vanish, when the two
electrodes on the top side as well as the two electrodes orbtitom side of the disk are shodircuited,



4.3Discussion 101

respectively(Fig.4z4). This outcome provides evidence that the disturbances in the oscillations occur
due to the presence of the second pair of electrodes/ sensor spot on thezqeartace.By short
circuiting, the two formerly separate sensor spots (QCM1 and QCM2) perform synchronous oscillation
(QCM1+2) with impedance spectra similar to that of 1EIQ vibrations around resonance. However, the
spectral properties and characteristionpedance values of shodircuited 2EIQ resonators are
considerably different with respect to classical 1EIQ oscillation propefiggicalimpedance and phase
spectra of a 1EICG+(-) and of a shortircuited 2EIQ (®-) oscillation in air are shown ig.4z10A and B.

The spectrum of a perturbed, neshort-circuited 2EIQ oscillation -¢-) is shown for comparison, too.

The phase maximum of the shedircuited 2EIQ in air exhibits a valueeof €65°, which isD 20°

lower than the value for the 1EIQ oscillationax€85°). This significant higher acoustic damping is also
reflected in highegl’s  values for the 2EIQIY5500hm) compared to the 1EIQ@(@000hm). These
differences in impedance properties arealto differences in the electrode layout for a 1EIQ and a 2EIQ,
andare readilyexplained by BVD equivalent circuit elements, whose expressions are givieabiiz5.
According to that, the resistanc®& of the motional branch of the BVD equivalent circuit dominates the
value ofds (% Yip 1Y0 Y ).'Y is inversely proportional to the electrode area
(Eq.(30), and in comparison to the classical 1EIQ, the electrode ar¢iaedfivo sensor spots on a 2EIQ

is decreased by a factor @ 1.5 0 ,,;528.3mm? vs. 2x0,,,;52x9.6 mm? =19.2mm?). Hence, the
increase o can be mainly contribugd to a reduction of the net electrode area and, thus, the active
oscillation region. Since damping effects also arise from the finite dimensions and edges of the
electrodes, the circumferencén-area ratiod 70 is a factor for the degree of damping, todigh values
cause strong damping while lower values effect less damping. Applying this to 1EIQs and 2EIQs, one
obtains ratios 070 (1EIQ)E0.67mm% and 670 (2EIQ)E1.14mm®. Thus, electrodes of 2EIQs cause
bigger dissipationlossesof the motional impedance than electrodes of 1EIQs. Moreover, when short
circuiting 2EIQs four electrodes had to be contacted to the electronics instead of two with 1EIQs, so that
contact resistance of the former should be twice as high.

A 10°F 1EIQ E B 120+ 1EIQ
- - - 2EIQ: QCM1 - - - 2EIQ: QCM1
—e— 2EIQ: QCM1+2 00| —*— 2EIQ:QCMI+2
1S
<
o
N
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Fig.4z10 Spectra of(A) the magnitude andB) the phase of impedance, recorded in air of a

(QCM1+2:-).

Despite the higher energy dissipatiorf @EIQs compared to 1EIQs, the shaitcuited 2EIQ could be
applied for sensing adherent cells. The impedance spectra exhibit significant differences between the
initial oscillation in culture medium and the oscillation of a quartz plate covered witm#uemt cell layer
(Fig.4z4). Cells can be described as viscoelastic bolif€sAs they form celsubstrate contacts, the
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viscoelastic bodies are mechanically coupled with the QCM sensor surface. Besides a small non
dissipative influence on the quartz oscillaticdhge cells exhibit a big dissipative contribution. This leads

to a strong damping of the oscillation and significantly increased values for a celtovered
resonator with respect to cefree conditions under medium.

4.3.2 Decoupling of 2EIQResonators

Different strategies of decoupling resonances are discussed in literature, regarding the effects of the
design parameters electrode spacifi§>*¢®! electrode siz&®% positioning of electrode&%4, electrode
thickness!®62:3¢4 different coatings on electrode€®™, variations in quartz thickness by mesbkape and
convexshape designs, MQCMs withaxis inversion, or a successive oscillation of resondtesr¥?.

Oscillation Properties of Decoupled 2EIQResonators

For the postfabrication decoupling of 2EI@icrobalancedhe selective coating of only ongensor unit

with a thin and rigid layer of polymedurned out to be successfulhis strategyprovided a lossfree
decoupling of 2EIQ interferences (cf. chapted.5 p.90ff.). The film consists of photoresist that was
applied to the whole top quartz surface by spin coating. Halflef toating, i.e. photoresist on one
resonator (QCM2), was subsequently removed by photolithography and remaining photoresist was
cured in a final hard baking process, resulting in a rigid film on the second resonator (QCM1). According
O 3 AOA O ADBJAR)OtheddsdnanCeBirequency (the whole resonance spectrum) of the coated
resonator was shifted to lower values By22kHz, whereas the oscillation properties of the uncoated
sensor spot remained unaffected. The rigid photopolymer (PhoP) layer causess an increase in the
thickness of the quartz platand consequently a decrease in the frequency (increase in the acousti
wavelength) for meeting resonance conditions, i.e. a standing acoustic wave between the surfaces of the
oscillating material. This can be nicely seen in the exemplary speckayidz11A andB. Starting from

the perturbedimpedance spectrum of QCM2-{-), the resonance of QCM1%-) is shifted to lower
frequencies by the rigid coating and, thus, is separated from the resonance of Q@M2DQue to the
difference in thickness of QCM1 and QCM2, the resonance frequencies ficgesiilfy separated from
eachother and mutual perturbations are eliminated. The impedance data (magnitude and phase shift)
of decoupledQCM2 almost completely overlap with that of the initiauncoated 2EIQ, except for a
narrow frequency region (4.990 t.005MHz) where interference occufs® vs.--- in Fig.4z11A, B)
CorrespondingNyquist plots are shown i819 C(p. 265). Except for the resonance shift, the osiibns

of separated QCM1 and QCM2 exhibit similar shapes of impedance magnitude and phase spectra with
comparable values of the characteristic impedance quantiggs ,3% , ande (cf. Tab.4z1).

With respect to the 1EIQ impedance spectra(in Fig.4z11A andB), the impedance spectra of the two
separated 2EIQ resonators asggnificantly more damped, with highegis , and lowergls  and

. values, respectivelyThis also can be readily explained by the increased interoatillation
damping when the active oscillating area, i.e. the electrode size, is reducetis@asssed previously for
synchronized QCM1 and QCM2 of an uncoated 2Ei@onparison to the classical 1EIQ, the electrode
area of one resonator spot of a 2EIQ is decreased by a factor d¥2,9%28.3mm?vs.0,,,;59.6 mm?).
Just likexs |, the parametergis  is also dominated by the motional resistande, according to its
expression in Eq45), and thus by the electrode size (£§0). Sincezs  and’Y are inversely related,
a decrease in the electrode size is accompanied by a decreass in, just as it is observed for the
2EIQs compared to typical 1EIQsHig.4z11A. In the frequency region between the parallel and the
serial resonance frequency, the inductantein the BVD equivalent circuit of the quartz dominates the
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oscillation properties. This is reflected in impedance phaalues >zero degrees. Values of=90°

are almost reached with 1EIQs in air, as they exhibit a large electrode size and low vatuesiu effect

of increasingY values(in this case due to a reduced electrode size)he maximal pase shift can be
nicely seen in the Nyquist plotft Fig.3z8 D, p.41). In the complex plane, the circle of the oscillation
impedance is downwardshifted alongthe ) | -axiswith increasingY values. Thus, the maximal
phase angle between real and imaginary part is shifted to lower values. However, the minimal phase of
» =(90° beyond resonance conditions is due to the parallel capacitancand not affected byY
changes.
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(=) of a ZEIQ with rigid loading on QCM1

The changes in the oscillation properties are a result of electrode size reduction and can also be explained
by a decreased quality factar of the 2EIQ resonators. The-factor is defined as the ratio of stored
energyandthe dissipated energy of the quartz oscillation:

<|e

(63

Olo

where'Ois the dissipation factorw represents the reactive properties of the quartz as well as any
imaginary contributions ba loadand'Y stands for the total resistance of the quartz oscillatiét! For

an unloaded quartz platel and'Y are given by the internal quartz propertiéds and'Y . By
inserting the expressions from E@8) and Eq(30), the quality factor is:

~ —| 0 —| ” —| ” 'Q
} 4
0 : — (64)

wherei is the damping constanti( — “ Q, with— as effective quartz viscosity). According to
Eq.(64), the 0 -factor depends on the effective viscosity of the quartz, which increases with decreasing
electrode sizé?®! Thus, thel -factor of 2EIQs is lower than for 1EIQs, resulting in the previously
described changes of the characteristic oscillation paramet&perimental data deliver ® 4.5-fold
lower 0 -factor (in air) for the 2EIQ compared to the 1EIQ resonéiab.4z3).
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As discussed in the previous subsecti@n,is also directly linked with the amplitude of shear
displacement (Eq(62)). Consequently, theshear displacement in the céar of a 2EIQ resonator is lower
than for a 1EIQ and its Gaussian distribution is more damped at the electrode adgesll Moreover,

the decay length of the shear wayehichpropagatesvertically into the medium above the resonatds
expected to be sorter for smaller electrodes. Thus, a drawback of 2EIQ sensors might be a shorter depth
of penetration into the specimen (the cell layer) at the quartz surface.

Oscillation Properties of Decoupled andSynchronized 2EIQResonators

In another measurement ggoach the impedance spectra of the decoupled resonators QCM1 and QCM2
were measured simultaneously, Bfort-circuitingthe electrodes on the top side and on the bottom side

of the 2EIQ, respectively. This provided the impedances of both resonator usits @mbined signal,

@ 4 . wdy asingle frequencyweep(-#- in Fig.4z5). The observable discrepancy between the combined
impedance signal and the impedance spectra of successively measured resonators can be assigned
mainly to changes in the dielectric properties, i.e. the parallel capacitamcef the quartz, by short
circuiting QCM1 and QCM2. This becomes evident by a closer look at the impedancesesoofince
frequencies (4.98/1Hz and 5.08/Hz in Fig.4z5B). There, the quartz behaves like a parajidte
capacitor and the impedance is dominated by the static capacitangsee BVD model in theory section
3.3.2 p.37ff.). Asthe impedance decreases with increasing parallel capacitance(32j.and asd is
directly proportional to the electrode area (E@®J), impedance and electrode size are inversely
correlated with each other. Typical impedance magnitude values of individual 2EIQ resongibgrg (4
andgdg ,, ),and of shorcircuited 2EIQ resonatorgls , . ,)-A} the offresonance frequecies 4.96MHz

and 5.03VIHz are listed inTab.4z4. The data confirm that the impedance of the shottircuited
resonators [Zlocmi+) is reducedalmost exactlyby halfwith respectto the averaged impedance ohé
separately measured QCM1 and QCM2 g&g(, 31§ , ). Thiscan be assignetb the doubling of the
electrode area when synchronizing QCM1 and QCM2.

Tab.4z4 Tapical impedance magnitude values for 2EIQ resonators (QCM1 and QCM2), which
were decoupled by the deposition of a rigid photoresidinfion QCM1. Values are shown for
individual (g 4 . x3% # . yand for shorcircuited (% » . x)h @scillations at ofiesonance
frequencies (4.96/Hz, 5.03VIHz).

"@MHz LG 4 -/x LG 4 -y Vo (0§ 4 - 5308 4 - )b LB 4. xow
kOhm kOhm kOhm kOhm
4.96 7.3 8.3 7.8 3.9
5.03 9.5 10.6 10.1 51

The increase ofd by shortcircuiting QCM1 and QCM2 also influences the characteristic impedance
values near parallel resonanc&("Qs , s ). This is rdécted in a negative shift of both the
frequency of maximal impedance magnitud€s , and the frequency of zerphase crossingQ, as

well as in a decrease of the maximal impedance magniige . The impact of6 changeson these
parameters is readily apparent from their expression by electrical equivalents ir(d@)z.(45) (p.42).

For instance, the severe reduction®fs by a factor ofD 4 upon connecting resonator®65kOhm

0 D 16 kOhm, seeFig.4z5B) is comprehensibl@ss  is inverselyelatedto the square of the static
capacitanced of the quartz material(Eq.(45)). Thus, doubling of the parallgllate capacitor area by
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short-circuiting QCM1 and QCM2 resultscimangesof the maximal impedance magnitudey a factor of

four, as observed iRig.4z5. At frequencies where the motional branches are resonant, the characteristic
impedance values'@s , s ,’Q) are not affected by shoitircuiting of electrodes. There, the
piezoelectric properties of the quartz material dominate the impedance and dielectric properties, i.e. the
static capacitance , can be neglectedThis is also reflected in the corresponding expressions of
impedance parameters by electrical elements of the BVD equivalent circuit (88)g.(44) in Tab.3z5,

p. 42). These observationof the impact of electrode shottircuiting on impedance characteristicaso
match well with previously presented simulationsyhich demonstrate the influence of different)
values on the shape and characteristic parameters of impedance spé®ira.

Theapproach of shorcircuiting resonators and simultaneously recording their resonance characteristics
provides some considerable advantages over the successive measureoféntividual microbalances.

On the one hangdone can reduce the data acquisition time, as the frequency window does not have to
be scanned anew for each sensor spot asswitching between ports for contacting the individual
resonatorscan also be omittd. On the other hand, the effort of contacting the various electrodes on the
quartz disc is minimized, as in total then only two contact pads are required: each one on the top and
bottom surface for contacting simultaneously all shantcuited electrodeson each side. The shart
circuiting for example can be implemented by conduction paths at the edge of the disc. This is of great
relevance especially withregard to parallelization of sensor spots and miniaturization of the
experimental setupand, therefae, could promote the development in these directiortdowever, the

basic requirementn any case of simultaneous QCM measuremastthe sufficientspectralseparation

of resonances oéll oscillating units

Oscillation Properties of Decoupled 2EIQResonators under Liquid Loading

When performing oscillations with the decoupled 2EIQs under liquid loadhig 426, p.93), a strong
damping of the impedance spectra of both resonat@arasobserved. Tis is due to the viscosigtensity
product of the liquid, which adds an additional resistance and inductance in series to the motional branch
of the BVD equivalent circuit of each resonator {chb.3z6 B, p.44). The degree of damping is similar

for QCM1 and QCM2, which is reflectedsimilar changes of characteristic impedance parameters
(Tab.4z1). This is not necessarily expected, since one resonator (QCM1)dsedowith an additional
polymer film and, thus, exhibits a different quastigjuid interface compared to the other. Swelling of the
polymer on QCM1 upon immersion in liquid and a consequently higher endiggypation of the
oscillationcould lead to a chage from a rigid into a viscoelastic polymer film. However, QCM1 and QCM2
exhibit similar impedance profiles after equilibration in cell culture medium oveér. Hence, swelling of

the polymer seems to be weak and the influence of the polymer on QCMlatisci properties under
liquid can be considered negligible. The preserved rigidity of the photoresist on a 2EIQ with liquid loading
also becomes apparent in the stable resonance frequetliifgrencebetween QCM1 and QCM2 and the
persistentuncoupling ofthe resonators.

An effect that has to be considered especially for resonators immersed in an electrolyte is the occurrence
of field fringing at the edges of the electrodé¥’ 349362 They cause a stray capacitance additional to

the static capacitance& of the quartz and, thus, contribute to parallel resonance properties of a
resonator as well as to the impedano# resonanceField fringingat the electrode edges depends on

the depolarization capabilities and, thus, on the dielectric propertieshef quartz loading. Since the
dielectric constant for an electrolyte is by far higher than for air, figildging of the quartz and,
consequently, the effective parallel capacitance is larger in medium than in air. Moreover, covering the
electrodes withan electrolyte solution will cause the formation of electrical double layers, which act as
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capacitors in addition to the parallel capacitance of the quartz pi&féThese effects become evident
when comparing the impedance magnitude spectra of the 2EI€omators in airKig.4z5, p.91) and
under medium Fig.4z6, p.93 far from resonance and at parallel resonance frequencies. It has to b
noted that parallel capacitance contributions arising from the 2EIQ surface in contact with an electrolyte
are more pronounced for the uncoated resonator than for the photoresisttedresonator, reflected in
almost 10 Ohm lowergls  values of QCM2 compared to QCM1 at parallel resonance frequencies.
Whereas the resonators in air exhibit @w#sonance impedances (at 4.96Hz) of 7.%Ohm (QCM1
+PhoP) and 8.BOhm (QCM2), the same oscillators loaded with medium forh2dxtibit equal
impedance magnitudes of 5Ohm. The decrease is due to an increase in the parallel capacitance for
both resonators on the 2EIQ upon covering one quartz plate face with medium. It is noticeable that the
two resonators finally show equal valuesid the photoresistelated differences measured in air
obviously vanished in medium. Thus, thetential dielectric contribution by the polymer is completely

masked in medium by fringing of the electric field and electrical double layers at the geledizolyte
interface.
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Fig.4z12 (A)Combined plot of impedance magnitude and phase of QCM4,(— ) and QCM2
(=, —) of a 2EIQ with rigid loading on QCM1, oscillating under medi(B). Nyquist
representation @ the impedance data shown in A.

The impedance spectra of the decoupled 2EIQ oscillations in medifig.4z6) exhibit slight
perturbations and secondary resonances, respectively, for both resonators (QCM1 and QCM2) in
impedan@ magnitude and phase spectra. For a better analysis, impedance magnitude and phase spectra
of both sensing units are merged in one diagram, showRifn4z12A. For QCM1--) this unwanted
resonance occurs & 20kHz upwarddrom serial resonance. This is exactly the frequency region where
the non-coated QCM2 {&-) exhibits resonance. The same effembbserved for the impedance spectrum

of QCM2, about 2&Hz downwards from its serial resonance, at frequencies where the pasist
covered QCML1 resonance occurs. Hence, the decoupled resonators on the 2EIQ obviously again interfere
with each other when the two resonators perform oscillations in medium. For analyzing oscillations of a
guartz plate exposed to an electrolyte likell culture medium also the electrical properties of the loading
have to be considered in addition to the mechanical properties. Conductivity of the loading as well as
related effects like acoustoelectrics, fringing fields and stray capacitances conbigeradetermine the
resonator properties. In the case of two (or more) adjacent resonators separated only by a small
unelectroded quartz ared(,,,/ Rl  im&%2mm), these effects have to be taken into account, too, in
terms of their potential contribution to the electromechanical lateral coupling of the sensor spots. As
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already discussed above, the amplitude of motion is 1z@no at theelectrode edges and vibration
further proceeds in the region of blank, not metallized quartz. This vibration generates charges at the
surface of the quartz due to piezoelectricity, all along the acoustic wave. This polarizations on the quartz
surface cause additional electric fields, dependent on the depolarization capabilities of the loading. If
polarization of the faces is not completely compensated by the loading on the quartz, this again causes
electromechanically induced vibration according to theemse piezoelectric effect. The electric situation

is different for the two resonators and their viciniby a decoupled 2EIQ exposed to medium. Due to a
smaller dielectric constant of the polymer, surface charge compensation is assumed to be less
pronounced for the photoresistcoated quartz area near QCM1 compared to the blank uncoated quartz
area near QCM2 that is directly exposed to the conductive liquid. This would theoretically increase the
effective electrode area of QCM1 and, thus, minimize the seji@meband between the two liquigide
electrodes. These assumed acoustoelectric effects as well as ekeleldsinging, stray capacitances and
electric double layer formatiorould all affect the oscillation properties of QCM1 and QCM2. Finally,
couplingof the sensing units is enabled by the electrolytic conductivity of the medium, what is prevented
when the two electrodes on the topside of a 2EIQ are not conductively connected via an electrolyte.

The perturbation of QCM2 at frequencies where QCM1 somant seems like a secondary resonance
with asimilarsmall and narrow increase of the phast (€+10°) and less pronounced serial and parallel
resonances Kig.4z12A, zoomin No.1), with respect to the fundamental resonee. However, the
secondary resonance observed for QCM1 is remarkably diffeFegi4z12A, zoomin No.2). The QCM1
impedance magnitude does not really show a resonatliice profile in the resonance region of QCM2,

but onlyaD 2 kOhm drop to a lower value, which remains constant when scanning to higher frequencies.
Moreover, the phase shift drops to values bel@®° (Yo €C10°), showing exactly the reverse behavior
than observed for QCMZig.4z12B shows thecorrespondingNyquist plots of the decoupled medium
covered 2EIQ sensor spots. The oscillation impedances appear as circles in the Gaussian plane with a
clockwise increase of the applied AC frequencyKd.3z8 D, p.41). Compared to the QCM1 circle, the
circle of QCM2 is smaller inasheter, what is related to a slightly lower maximal impedance magnitude
and maximal phase shift, respectively, also visible in the respective Bdmte(Fig.4z12A). These
discrepancies in the impedance spectra of QCM1 and QCM2 in the resonance region of the other
resonatorare also visiblén the Nyquist plot. Interferenceare identified as additional small circles at
frequencies lower (QCM2) or higher (QCM1) than the respective fundamental resonance frequency
(shortest vector in the Gaussian plan@&he origin of this phenomenon is not understood yet and needs

to be further investigated.

The interference effects that@pear for the decoupled 2EIQ upon exposing it to electrolyte solution are
small and occur at frequencies that are sufficiently far fromabeespondingfundamental resonances.
Thus, the observed coupling does not affect the analysis of minimal impedeaices. Nevertheless,
interferences are detectable, revealing that the deposited rigid film on one resonator for decoupling of
resonance frequencies should at least not be thinner.

In summary, decoupling of resonators on 2El@ssbe successfully achievdry depositing a rigid mass,

i.e. a thin layer of photoresist, on one resonator unit so that resonance frequencies of the two sensor
spots were sufficiently separated. The degree of decoupling of resonances was even sufficient for quartz
oscillations undetoading with conducting liquid. Thus, prerequisitegre fulfilled to apply 2EIQ plates

with two individual readout spots for wholeell biosensing.
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Impact of Film Thickness on theDegree of Decoupling

The findings presented iRig.4z7 allow the following conclusions regardingd thickness of deposited
films and thedegree of resonance shift araf decoupling of QCM1 and QCM2 resonanaespectively.

A sufficient separation of resonances of the oscillating units on a 2Bk olatained for all of the applied
spin coating velocities, which correlated with deposited film thicknesses between 2.7 ampard Bven

the thinnest deposited film was still thick enough to decrease the resonance frequency of the coated
sensor spot to &lues ¢15.4 (#0.2) kHz) which avoided a spectral overlafits resonance regiowith the
resonance of the uncoated resonatoHowever, a decrease in the film thickness is accompanied with a
significant increase in thelegree of interferences off resonae in the impedance spectra (cf. inset
graphs inFig.4z7 A and C)When shifting the spectra of both resonators even closer to each other than
the minimum obtained in the test series, to estimated valueé*?i@S €d5z 10)kHz, interference near
resonances are expected to occur. This would result in disturbed oscillation properties of the resonators
QCM1 and QCM2, similar to the completely uncoated resondiay.4z2, p.86), avoiding extraction of

g%  values for monitoring impedance changes. Therefore, 368 was set as the standard rotational
speed for spin coating 2EIQs with photopolymer, in order to maintain a sufficient separation of
resonances required for their application as MQCM.

From QCM measurements and white lightrtical scanning interferometryneasurements of similary
coated substrates, @orrelation (Eq(58)) was established that connects the frequnshift between
QCM1 and QCM2 resonator on a 2EIQ with the thickness of the deposited photoresist Tayer.
calibration allows to estimatethe polymer height of 2EIQshat have beencoated with the same
photoresist via the determination of the resonanc&equency shif’t?‘@s between coated and
uncoated resonator. The correlation given in E8B) should be valid for any concentration and viscosity
of the same type of polymer solution in the linear range of the aiquma since the final physical properties
of the hardbaked and solvenfree photoresist layers, like e.g. density, hardeness, wettability, or
swelling properties, should be similarhe only basic prerequisites are that the deposited layer forms a
homogereous and rigid film on the substrate and does not cause energy dissipation of the quartz
oscillation®*¥ Hence, solvent has to be completely evaporated during Haagting of the film and
swelling of the deposited film in liquid or due to air humtydhas to be avoided during QCM
measurements.

The results further show that quartz diskad significantly larger resonance shifts and thicker fikmth

OEA Oi1 Ao OEAT xEOE OEA O1 Axo6 DET Ol OAGEOOR AOAT ¢
coating velocity andconditons.! EECEAO A&l 1 x OEOAT OEOU 1 & OEA 0Oi
evaporation over time explains this. This causes a higher counterforce against the centrifugal force

during spin coating, which results in a decrease of the dpefpolymer spreading. The slower film

spreading in combination with unchanged solvent evaporation rates finally results in thicker films after

spin coating. The film thickness @2.7um at 4000001 & O OEA O1 Ax6 PDPET O OAOEC
DOAAEAOAA | Al &mEAds e do@d tBat shiA EbAtiag of substrates with one and the

same photoresist solution (same viscosity) and equal spin coating speed does not necessarily result in
equally thick polymer layers, since the final thickness is also determined by the angbiaditions during

coating. For instance, the ambient temperature, aiumidity and air pressuraffect the equilibrium

between film spreading on the substrate surface and solvent evaporation during the spin coating process.
Moreover, post coating photolitography and related processes influence the final height of the polymer,

too.
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4.3.3 Outlook

Based on theestablished d@awo-spot QCMresonator, various furtherdevelopments of the sensor layout
are thinkable likefor instancean increase in the number of resdna spots, the integration of various
surface properties and sensing capabilities on the substrate, and the implementation of additional
measurement techniques for multiple cellular and chemical sensing.

At first, one could think of a development of the ND approach, by multiplying the number of sensor
units on the 14nm 5MHz ATFcut quartz disk, starting from the 2EIQs to quartz plates that contain for
example four electrodes, as schematically illustratedrig.4z13 For ths, electrodes have to be further
reduced in size, though this would be accompanied by a decrease in the quality factor and, thus, the
sensitivity of each resonator. Moreover, one has to keep the problem of potential lateral mechanical
coupling of QCM spoti mind, as described and discussed above (sedtidhfor the 2EIQ layout. A
reduction in electrode size, while maintaining a maximum irédsctrode distance, could be sufficient

for avoiding resonance couply of adjacent sensor units. If not, much more effort would be necessary
for coating the electrodes in order to obtain sensor spots with different thicknesses and resonance
frequencies, respectively, as crucial for resonance decoupling.

Fig.4z13 (A)Topview and(B)bottom view of a possible MQCM layout on a circular quartz plate
with four sensor spots that are individually addressable from the bottom side.

In general, the 2EIQs could be applied as-ghase sensor as well as for chemosensing or bigdical
applications in liquid phase. One resonator unit of the talectrode layout could thereby besedas the

actual QCM measurement unit, while the second QCM unit could serve as an internal, substrate
integrated reference sensor. To achieve this, @ifint coatings could be applied on the measurement
spot for selectively recognizing analytes in the sample or monitoring the interaction of biomolecules or
whole cells with a modified substrate surface. The reference spot could be used for detecthspemfic
sensor responses and, thus, to compensate interfering signals. In vaatlidiosensing applications of

the QCM, probing the micromechanical interactions of cells with the sensor surface, a reference
resonator could serve for monitoring the unaffed integrity and vitality of the cell layer, while the
second resonator is open for investigating any kind of stimulus applied to the cells. However, this
OOEI 01 60 EAO O1 AA 11#AAOMKA Al TAIOU EAGMOERB GEAD GEADG C
this can be achieved by coating only one resonator with a substance or material of interest. Cell
attachment and spreading properties on the coated sensor then could be investigated and compensated
to the cell behavior on the uncoated reference resonatdrisTapproach is just as well applicable for any
locally immobilized substance or (bio)molecule. Besides coating of one resonator using-cbiemi
physisorption, any other approach with a localizable stimulus would be conceivable. This includes
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physical stres (pressure, temperature, electric fields, acceleration, radiation and waves of any energy,
etc.) or insitu generated local chemical or biochemical stress (e.g. reactive oxygen species, photo
catalytically or electrochemically generated species). Stintiolas and, thus, the field of possible cellular
assays can be extended to (bio)chemically as well as pharmaceutically relevant molecules that are
present in dissolved or suspended form. However, if oneamlered resonator of the 2EIQ should serve

as a eference, one has to manage to stimulate the cell layith lateral resolutiononly on one QCM

spot. From the technical side a QCM chamber inset or a novel QCM chamber would be necessary for the
2EIQ substrates, dividing the quartz surface into two sepeda sensing compartments. By
accomplishing a localized stimulation, sensing of micromechanical cell responses towards the stimulus
in comparison to a reference could be performed with 2EIQs on the same substrate, simultaneously, with
the same cell populatin and for similar conditions.

Besides the dual QCM sensing with or without using one resonator for reference measurements, further
approaches in sensor development could address the integration of additional sensing functionalities
onto the surface of thEIQ substrate, and/ or the implementation of other measurement techniques.
For instance, light microscopy is used by default as an independent reference and verification method or
as a complementary technique for calénsing approaches that are not baken light microscopic cell
investigations. By combining the QCM with a luminescetased optode, one could take advantage of

a fluorescence microscope and increase the information density from the system under investigation.
For optode implementation, te surface of a quartz plate is (partially) coated with a polymer layer in
which the chemical transducer, i.e. a luminescent molecule, is immobilized. Optical chemical sensing
(OCS) of any analyte or changing chemical/ physical property to which the fluemeprobe is sensitive

then can be performed in parallel to QCM sensing. Thereby, sensitivity and selectivity of the sensor can
be triggered by the choice of the polymer material in which the dye is embedded. Thin film OCS systems
have been presented faneasuring Q, CQ, pH/ H, glucose and temperaturg’>17818L.1%¢sing muilti

layer systems and embedding the luminescent dyes in polymer beads even enables simultaneous
multiple chemical sensing.ehsing of multiple measurands on a quartz plate would also be conceivable
by various sensor spots that are sensitive towards different target variables. When seeding cells on a
guartz plate with integrated OCS spots, the cells will grow on or around themespots, depending on

the cytocompatibility of the paymer, thus providing either sudellular or bulk measurement8ased on

this, sensors fo6.11maging the fctional Heatnduced byHigh-Amplitude Quartscillations(p. 223ff.)

as well as fo6.2Imagingthe Oxygen ConsumptiodRate (OCR)eneathAdherent Cellgp. 232ff.) have
beendeveloped.

Electrical measurement techniques seem to be predestined for combination with QCM measurements,
since MQCM substrates contain at least two electrodes on each face for excitingeemdling quartz
oscillations. However, for wholeell biosensing applications, the applied voltage/ current must not be
invasive for cellular structures. A widely used technique is the electric impedance sensing of cells, grown
on substrateintegrated ekctrodes (cf.3.4Electric CelBubstrate Impedance Sensing (ECIBhese
measurements provide the complex impedance, which is dominated by the morphological propefrties
the cells on the electrodes within a certain frequency region. Depending on the applied AC frequency,
information on the coverage of electrodes with cells and the barrier resistance of the cell layer are
available. The implementation of EClBRe measwements on 2EIQ substrates and variocsl-based
assayof the QCMECIS double sensoese presented in the followin@hapter QCMECISCombined
Viscoelastic and Dielectric SensinGeifs
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A combination of the two transducer principles QCM and electrochemical impedance spectroscopy (EIS)
was applied in the past fan situmonitoring and analyzing solution propertié€?, degradation of thin
polymer filmst73] formation of supported lipid bilayef&¥, and adsorption processes of proteins on bare
B78] polymercoated 78, and with platinum®“lor copper®”®electroplated QCM gold electrodes. In all
studies, EIS data wasieasuredbetween the top QCM electrodéacing the electrolyte as working
electrode and an externatounter electrode (Platinum foil or carbon rod) that is introduced into the
measurement cell and dips into the electrolyte. By default, a saturated calomel electrode (SCE) or
Ag/AgCI electrode was used as reference eledé. Janshoff and Wegener (1996¥! firstly presented

the experimental approactof double-mode impedance analysisf adherent cell layer$or biosensing
applications.They ntroduced an additional low impedance platinum dipping electrodédrthe QCM
measurement chamberwhich enabled theeombined ElSmode and QCMmode monitoring of a cell
layer seededon the electrodeon the top sideof the quartz disk. EIS in the context of recording and
analyzing the impedance properties of celbvered @ld electrodes is also referred to &ectric Cell
Substrate Impedance Sensing (EQI&)tion3.4, p.50ff.), introduced by Giaever andeese in 19911,

By this hyphenated approach of QGECIS doubld T AA Ei PAAAT A AtgehéradEll U O ELGth 60E A
(simply aquartz disc sandwiched between two circular gold fietectrodeg was technologically
OPCOAAAA O xEROAKXAOA AEThis ®thdmataaly illustrated ifFig.5z1A, B.
Combined QCMECIS sensors are capalgereporting on complementary informatioras viscoelatic
and electrical properties of cell monolayers, with the latter allowing statementshe degree ofcell
coverage of the working electrode and the barrier resistance of cellular junctions. Doubtale
impedance analysis was applied in various assaydts to test celicell and cellsubstrate interactions.
These comprisd investigations on the cell adhesion and differentiation kinetics of different cell types
[22,206,236,267] gdhesion properties of cells on structurecgth substrated?*®! cell migrationand wound
healing?®®, properties of chemically fixated #g[?®®l, andstudies on thecelllayerresponsego external
stimuli like substancegshat affect the cellmembrane %8 or the actin cytoskeleton?®728] However,
introducingan additional dipping electrode in the QCM chamber, for extendhey1® generation QCM

to a2"generation QCMentails some inconveniences. There aplexexperimental setup, combined
with a reducedvorking spaceabove the sensoiMoreover, the opening for the dipping electrodeay be

an entrance point for microorganisméslong as the counteelectrodeis manually introducedor each
experiment, its well-defined positioning above the WE is problematitoo. However, reproducible
experimental conditions are prerequisitésr the compatison ofresultsobtained from different studis.

In this project a novekoplanarelectrode layoutintegrated on a piezoelectriquartz diskis presented
which allows for doublenode (QCMECIS impedance measurements like th2" generation QCM
however overcomes the drawbackd a dipping electrodeThis technologicabhdvancement upgrades
the2¥CAT AOAQET T 1@A1l A0 A GEFA.570C) Thé teghnicalealizationof the two
transducer principles in one experimental setup is addressedeition 5.1 There, the electrode
designing and the implementation of QCM and ECIS measurements are preseénted).(The surface
characteristicsas well as the QCihode and ECInode performancesof the fabricated sensor plates
are shown fothe standardexperimental setu5.1.2z 5.1.5 andfor variationsof this(5.1.9. Thesedual
whole-cell biosensamenableamulti-parametric, substratentegrated, labelfree, noninvasive, and real
time monitoring of adherent cells, providg complementarymechanical (viscoelastic) and electrical
information (electrode coverage, barrier resistance) from the same cell layer at the same Tihgegain
and diverdiied applicationspectrumof this hyphenated approacaredemonstratedin various celbased
assayscomprising cell attachment and spreadingdifferent cells under various conditior{section5.2)
and cellular responses towards a diversity of external and internal stisadtion5.3).
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Fig.5z21  Different QCM generations based on a circuldvidz ATcut quartz plate.(A) 1%t
generation QCM: classicatBlectrode QCM(B) 2™ generation QCM: classicatBlectrode QCM
extended by a dipping electrode for (QCMECIS) doublanode impedance analysigC) 3¢
generation QCM2-Electrode QCM2EIQ) layout with substrateintegrated coplanar electrodes
for ECISmode measurementsDrawingsarenot to scale.

5.1 QCMECIS SensokLayout and
Characteristics

5.1.1 Substrate-Integration of QCM-ECIS

In order to overcome the disadvantages of former QEKIS setups2(? generation QCN, a novel,
substrateintegrated combination of both transducer principles was develop€lis sensor design is
based on the previously present@dElectrodeMQCM platform(2EIQ) comprising two ceplanar gold
film electrodes integrated on either side of a quartz pla@hépter 4 MQCM:Multiple Cytomechanic
Sensing. By electrically connecting thelectrodes on the sensing side via a conducting saline solution,
one could measure the current flow in betweegrpviding ECISlike impedance information from the
system on top of the sensor (§.4Electric CelBubstrate Impedance Sensing (EGS0ff.). As shown

in the previous chapter hie bare, uncoated 2EIQ resonators exhiblateral couplingof oscillations(cf.
Fig.4z2 andFig.4z3), which ha to be eliminated by separating their resonance frequencies. Decoupling
of resonances was successfuigalizedby depositing a rigigbolymerlayer on one half of the 2EIQ, i.e.
one electrode on the sensing side of the quartz plate. Thereby, the acoustic thickness of thedcoat
resonator unit was increasednd consequently its resonance frequeneyws decreased, so that the
resonance regions of the coated and uncoated resonators veeifficiently separated and coupling
effects near the serial resonances were prevented (cf. subsedtibBResonancBecoupling vi&elective
Rigid Coating, p.90). Halfside coating of the top quartz surface washievedby in coating and
photolithographic preparation stepsaccording to the procedure mentioned 33.3Experimenta(p. 46)

and illustrated inFig.3z11 Since thedepositedphotoresist forms an insulating layer of appr@qm in
thickness (cf.4.2.2 Film ThicknessDetermination p.95ff.), the coated electrode is shielded against
charge transfer from the electrolyte side. However, impedances between the electrbdes to be
minimized for ECISnode measurements, in order to be sensitive for impedance contributions
originating from cells on the electrodes. The coated electrode could be made accessible felikeCIS
recordings, by implementing a small hole into thelpmer film and thus establishing an electrical link
between the two QCM topsideelectrodes via theelectrolyte. This photopolymermprocessingwas
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performedin the course of the coating process, by using an adapted photolithography mask for the
positive phobresist that exhibited a circular opening in the opaque af&faFig.3z12). After U\tlight
illumination through the mask, the illuminated photopolymer areas were developed and removed,
resulting in a final electrode layout &xemplarily shown irFig.5z2. Thus, in the course @ésonator
coating for decoupling QCM resonances 2EIQs it could additionallybe implemented an electrode
layout on thequartz surfacehat is in size and shape similar tommercial ECIS electrodes.

A & B ~ —
€ - — @ // )
— = L i = L.
QCM mode ECIS mode
Oscillation Impedance Electrical Impedance

or

*not to scale ZQCM *not to scale ZEC,'S

Fig.5z22  Layout of the3“ generation QCMContacting different pairs of electrodes of a QEM
ECIS sensor allows for different sensing moddsich reporton different cell layer propertiegA)
QCMmode: Electrode pairsandwiching the quartz plate (indicated with gray and blue arrows)
arecontactedto excite and recorthe quartz oscillationprovidingthe oscillationimpedances , -
and repating on cytomechanical changeB) ECISmode: Gold-film electrodes on the sensing
side of the 2EIQ are used for measuring the electrical impedé%em low-amplitude current
flow through the system, reporting on morphologicdterations within the cell layer

On the basis othe 2EIQ development anldy a modifiedsurface structuring the transducer principles of
QCM and ECl&ouldbe combined and functionally coupldin one experimentasetup (QCMECIS)The
measurement chambeand hardware requirements for the technical implementation of both sensing
modes are illustrated ifrig.3z18(p. 57). Different pairs of electrodes can be electrically addressed from
the bottom dde of the quartz platavith a softwarecontrolled relay as schematically illustrated in side
view inFig.5z2. Each pair of goldilm electrodes sandwiching the quartz plat&ig.5z2 A) can be
individually contactedo drive the shear oscillation of thespectiveresonator(QCMmode). From the
analysis of theesonance parametergnethusgetsinformation on the cell layer mechanics close to the
surfacefrom two individual sensor spotdfter swiching the contacsto the two electrodedacing the
cells and the mediun(Fig.5z2B), ECISike data can be recorded (ECISmode), which enables the
detection of cell morphology changes. Thususing this hyphenated QCMECIS aproach, a cell
populationseeded on the modified resonator surfacan be monitoredsimultaneously and in redlme

by ECISand QCMmode measurementsThis enables a mulparametric analysis of cell layer properties
and a timeresolved, micremechanicaknd dielectric characterization of the system under study.

By creating a smaller working electrode (WE) and a bigger counter electrode (CE) the sensitivity of ECIS
measurements with respect to morphological changes of the ag#ls optimized Since the smiéer WE

£l Oi 6 OEA AT 001 AT AAE T £ AOOOCAT O Ai 1 x ET OEA AEOAOQI
changes on top of this electrode, i.e. opening and closing current pathways through and around a
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confluent cell layer. Maximizing ECIS seisiy by reducing the WE sizéowever, goes along witthe
measuement of a smallerfraction of the entire cell population Hence, sensitivity and the average
number of investigated cells have to be&loredto each assay and the respective focus of iattr The
influence of different ECIS WE sizes and layouts on both QCM and ECIS sensing parameters were
investigated. Thadifferent photolithography masks applied for 2EIQ surface structuring are illustrated
inFig.3z12B-G (p.47). The following subsections presethie surface properties anthe QCM-mode and
ECISmode impedance characteristis of cellfree and celicovered sensor surfaces of the standard
sensor layoutg.1.2z5.1.5 that isused by default throughout this work and of sensors wprticular

ECIS electrode sizes and layoussl(6.

5.1.2 Standard QCM-ECE Sensor hayout

A standard surface structuring protocol of 2EIQs was defined ¥bmgeneration QCM QCM-ECIS
sensors. This schematically shown ifig.5z3. A SMHz AFcut quartz plate with two pairs of electrodes
(A) is sin coated with an insulating, positive photoresist at 30fén (B), according to the protocol
described omp. 46. The thickness of the photoresist layaras found to be sufficient for the decoupling
of the adjacent resonatornits (cf.4.2.1Degree oDecoupling as &unction ofFlm Thicknessp.93ff.).
For the defauliayout of theQCM-ECISsensor surface attolithography mask was applied during UV
illumination (C) that exhibits a circular opening of &hfn in diameter in the center of the hatfircular,
opaque areaKig.5z4 A). After developing and a final hatobking step, a ElIQwas producedD) capable
for dual QCMmode sensing, with two decoupled resonators due to adsale photoresist coating, and
for ECISmode recordings, with a small WE {&=0.5mm) at the coated side and250-fold larger CE
(Deiectrode= 3.5mm) at the uncoated side of the sensor surface.

A B C D
S
( > , 7/ // ‘

Fig.5z23  Schematic illustration of the preparation process for a standard QEBIS sensor,
based on ablank 2EQ disk (A). Spin coating of an insulating, positive photores{&) was

performed at 3000pm, followed by photolithographic structurindC) through a mask with a
circular opening oBmask=0.5mm in the centerof the half-circular opaquarea(indicated with an
arrow). This results in a final QCBACIS layoufD) with a small WE at the coated sidecha bigger
CE at the norcoated side of the 2EIQ surface.

5.1.3 Surface Characterization

Since the area of the working electrode is a crucial parameter in-BEOR measurements (c8.4.1Basic
Principles of the ECIi®chnique p.50), the real area and average diameter of the WE wiamterest.
Therefore the dze and shape of the working electrode and the surface topography at the edgbe of
photoresistof the standardQCM-ECIS sensomgereanalyzed A schematic drawing of the mask used for
standardphotolithographic structuring (WEJmask=500um) is illustrated irig.5z4 A, with a dashed red
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line indicating thealignment ofthe mask andhe 2EIQ plate during UV illuminatiorkig.5z4 B shows a
photograph of the finaQCM-ECIS sensor layowtith avisiblecircular working electrode in the center of
the coated electrode. The real siaed the shape of the created WEs were determined microscopically,
by phasecontrast imaging of the quartz plates and subsequent micrograph analysis with ImageJ
software (NIH; USA§3331 A bright mercuy vapor lamp was applied as light source, capable of shining
through the goldfilm electrodes.Fig.5z4 C shows thephasecontrast micrograph of the WE of a
standard QCMECIS sensonyith a dotted line indicating its manuallgetermined contour and area,
respectively All working electrodegroduced in this worlexhibited almost perfect circular shapes with
well-defined sharp edges between the bare gold and the surrounding photoresist. The bare gold
electrodesimplementedin the photoresist coating exhibited seal average area o ; 2.05(+0.03)

102 cm? (mean+ SEM; N=7). Assuming a circular shape, this correlatean average WE diameter of
GBrea=511(+4) um. Thestructuringof a WE on a polymecovered 2EIQby applying a photolithography
mask with a circular hole dBmask=500um, thusresulted in2.2(+0.8)% bigger WE diameterand
4.4(x1.5)% bigger WE ares respectively.

Fig.5z4  (A)Photolithography mask for uncovering orlf of a 2EIQ quartdiskas well as a
circular area in the center of the second electro@asx=500um) from photoresist. Red dashed
lines are not part of the mask and indicate the alignment and positioning of 2EIQ and mask during
UV illumination.(B) Photograph of a finaQCM-ECISsensor structured with the mask i. (C)
Phasecontrast micrograph of a WE with a diameter defined to $®9 by the mask. Measuring

of WE circumferences (dotted lingyrovided real averaged values of #=511(x4)um and

0o 4 72-05(£0.03)- 103 cm? (mean+ SEM; N=7).

Topographic information of the lithographically striiwed QCMECIS sensor surface weasbtained by
profilometry measurements. Investigations were performed by Fraunhofer EMFT (Munich, Germany),
OOET C A O$MEGAEAOAGO pEOI I 311 AT j TFighsAaddsh® 01 AET
profile plot of a QCMECIS sensor surfagea region oD 5.5x 5.5cm?that holdsthe WE (@ask= 500um)

and the polymer edge in the center of tlyartz plate. The height profile is illusted in pseudecolors

and the zscale is stretched by a factor Bf1000 with respect to the scale in the-pyane. For height

profile analysis, an optical cros®ction in the xzplane was chosen, starting froithhe polymerfree

guartz area and going across the polymer edge and the topographic depression of the WE (cf. red arrow
in Fig.5z5B). The resulting height profile along thedwection is illustrated irFig.5z5 C. The zaxis was
adjusted in scale to vimlize small height differencesompared to the large lateral dimension.
Photoresist thickness ispim on averageThis matches well with the calculations presented in subsection
4.2.2(p.95f1.), which correlated the spin coating speed with the resulting film height on the substrate
(Tab.4z2). Stretching of the zaxis inFig.5z5 C causes a distorted representatiorhis might migeadto
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the assumption of a higher aspect ratio of the working electrode cavity than it actually is, and of almost

a right angle between the photoresist layer and the blank quartB1 AOA j 1 @ T O OEA Al
values of the respective angles were determined by calculating the slope of a fitting function in the last
AAOA DT ET O AAZE GA74.84E O/ NFLID A D T EHeze, Eré angles between
substrate surface and photoresist layer are all in the order ofZAI7T5°, reflecting flat rising and trailing

edges of the polymer as well as a low aspect ratio of the structures.

A B C

538 [um]

o Fraunhofer EMFT

-1.00 ,|_ r r

-3.00
0.0 1100.0 2200.0 3300.0 4400.0 55001
pm

Fig.5z25 (A) 3-D profile of a selected area of a QERACIS sensor, compiigy the photoresist
edge in the center oftte quartz plate(arrow 3 ) and thecircular cavity in the photoresist layer
opening the working electrodej A O O1l. ¥B) Stdfining axis and direction (red arrow) for
measuring a twedimensional height profile, shown in the diagram right next tq@) Angles
between the baselinef the substrate surface and the photoresist flanks were determined to
1 =174.3bh=171.9bh AL7A.9°r

5.1.4 QCMmode: Piezoelectric Characterization of the Sensor

The shear oscillation properties of both resonator units of a standard ECNS sensdayout (3000pm,
WE@ =0.5mm) were recorded and analyzed. Measurements were perforfoethe unloaded situation
in dry air,under loadingof the coated sensor side wittserumfree cellculture medium and with cells
adherently grownon the quartz surfaceof coated and uncoate@CMelectrode.Spectra of the sensor
exposed to mediun(1.5mL) were recordedafter an equilibration phase dp 24 h and the oscillation
properties of QCM1 and QCM2 of a eatlvered sensor were recorded the day after seeding MDICK
cells (45M00cells/cm?), when cells have formed a confluent monolayer on the quartz surface.

Representativeoscillation impedancespectra of the two resonators QCMwvith PhoP coatingland
QCM2 (uncoated) of a QCHCIS sensor at the respective loading conditions are summarizeiibz
6. QCMmode measurements were performed at 200 equidistant frequesaround the fundamental
resonances of QCM1 and QCM2, from 4.97 to BM6z. Spectra of impedance magnitudgig.5z6 A)
and phase shiftRig.5z6 B) of QCML (filled symbols) and QCM2 (open symawks showrfor the sensor
in air (®,-0), loaded with medium - ,-5-), and covered with a confluent cell layew®{,-0-). Fig.5z

6 C represents th oscillationimpedancedata of QCML1 (air, medium, wells) in the complex planén
Fig.5z6 D, the Nyquist diagram is extended to the third dimensiorDBlyquist), with AC frequency as
x-axis, impedance real par2 A as yaxis, and impedance imaginary pajt [ &0 as zaxis. The
projection of the 3D curves to the yplane @ A® -) 1 &) mirrors the 2D representation ofig.5z6 C.
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Fig.526  Impedance spectra of a QCGHMCIS sensor in QGMode. Spectra ofoscillation
impedance magnitudgA) and phasgB) of QCM1 (w/ PhoP coating; filled symbols) and QCM2
(w/o coating; on symbols) are showfor sensorsin air (% ,-0-), loaded with cell culture
medium (-4 ,-4-), and covered with a confluent layer of MD@Kells (w/ cells®-,-0-).(C)2-D
and (D) 3-D complex (Nyquist) representation of QCM1 oscillations at the respectivdiriga
conditions. Impedance values were recordm00 equidistant frequencies around resonances,
between 4.9MHz and 5.0MHz. Data points were reduced for sake of clarity m@

Resonances of QCM1 and QCM2 are well separated 2ykHz in any loadng situation (cf.Tab.5z1),
which isdue to the deposition of a rigid PhoP layer on QCML1. Impedance profiles of the two resonator
units are similar except for the translation along the frequency &#tie. changes in the QCMh& QCM2
impedance spectra of a QCHCIS sensor in the course of medium loading are similar to the changes
observed previously for the medium loading of a decoupled 2EIQ plate, on which ho WE femB@#S
measurements was implemented (cf.1.5Resonanc®ecoupling viéelectiveRigid Coating, p.90ff.).
Thatare, firstly, a strong damping of both resonatof¥gs €7000hm) and, secondly, a slight shift

of both resonance curves to lower frequency vaI(J?é‘@s €C3kHz). Damping and frequency shift are
both a consequence of the viscositlensity product of the Newtonian liquid, which is, in the BVD
equivalent circuit,considered by an additional resistance and inductance element in series to the
motional branch (cf.Tab.3z6B, p.44). Thereby, the resistance accounts for energy dissipation
(damping), and theriductive reactance reflects an additional mass layer of the liquid (frequency shift)
osdllating synchronously and losslesath the resonator.Tab.5z1 summarizes fothe two resonator
units QCM1 and QCM2 the characteristicrpemeters of theoscillationimpedanceprofiles (Qs

L ,QQQs ,xs ,+ ) forthe investigated loading conditions. It has to be noted that the
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parallel resonance parametergys  ande , of the uncoated QCM2 respond stronger to medium
loading than the photoresistoated QCM1The growth of cells on the sensor surface further incresase
the energy dissipation of the QCM1 and QCM2 oscillatiavtsich isreflected in gjnificantly damped
impedance magnitude and phase profiles as well as in a broadening of the speiciraz6 A, B). The
characteristic impedance parameters of both 2Hifcrobalanceschange to a similar extent. Increased
disspation upon loading the QCMNECIS surface withiscoelastic cell bodies is reflected in an increase of
minimal impedance value¥<s by D8500hm and a reduction of the maximal phasé by

D C30° (Tab.5z1). Cell attachment and anchorage on the electrodes atsosedequal resonance
frequency changes of QCM1 and QCM2he order cb)uf‘gs €CLkHz with respect to the celfree
vibrations in mediumTab.5z1). In thecomplex2-D and3-D Nyquist plotsof the oscillationimpedance
profiles Fig.5z6 C, D)the mentioned parameter changes due to loading the resonators with cels
mirrored ina distinctcontractionof the impedancecircleand ofthe OOA O1 1 AT réspectivelyThe 6
zoomrin diagram inFig.5z6 C additionallyrevealsa shift of the loop to bigger values along thothe
imaginary andthe real axis, by loading the resonator with medium and cells. This shift represents
increases in storage of oscillation energy as well as an increase in energy dissipation.

Tab.5z1 Impedancecharacteisticsof the two resonators, QCM1 and QCM2, on a QE®IS
sensor, performing oscillations in air, Bdafter loadingthe top side with mediumand after
MDCKII cells have formed a confluent monolayer on the sensor surface. QCM1 was coated with
a film of photopolymer (PhoP) except for a small hole in the cente=@b5mm) in order to
generate a WHor ECISmode measurements. Values were obtained by splimerpolation of

data points in the respective frequency regions.

Resonator Load Qs /I s §o) o Qs I s /e /°
MHz kOhm MHz MHz MHz kOhm

QCML1 + PhoP air 4.987 1.3 4,987 4.991 4,991 55.2 54
medium 4.984 2.0 4,985 4,989 4.990 16.2 21
MDCKII cells 4,983 2.8 - - 4.990 11.4 B

QCM2 air 5.007 14 5.007 5.011 5.011 50.7 53
medium 5.004 1.8 5.006 5.008 5.010 10.5 11
MDCKII cells 5.003 2.6 - - 5.010 7.9 Cl9

In each representation dhe oscillationimpedances a secondary resonance can be obsefoe@CM1
and QCM2at frequencies where the respectiv@her oscillator is resonant. This coupling effect has
already been described and discussed in the previous chgpt&rs. It is most pronounced fagquartz
oscillgions in air and vanishes with increasing dampifpese side resonancezppear faraway from
fundamentalresonancesnd thus do not perturb the extraction of minimal impedanadues foratime-
dependent analysisThe cells show similar mechanical intetiao with the different surfaces of the two
resonators, photoresist (QCM1) and gold (QCM2), as evident from similar changes of the characteristic
oscillation parametergTab.5z1). In summary, it waslemonstrated that the QCMECIS sensor in Q@-
mode is capable for reportingith two individual sensor spotsn the mechanical interactions of the cells
with their growth substrate This provides the basis for applying the Q@IS platform as sensor for
cell attachment and spreadingndaswhole-cell biosensor for monitoringnicromechanical (viscoelastic)
alterations of an intact cell layer.
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5.1.5 ECISmode: Electrochemical Characterization of the Sensor

After recording thepiezoelectricimpedancesof QCM1 and QCM2 in QCMode §ig.5z2A), the
electrode contacs were switched to the electrodes on the upper side of the dual sensiy.$z2 B)in
order to record in ECt810de the electochenical impedancecharacteristicof the WE.The EClSmode
capability of the sensor wagsted acrossa wide frequencyvindow from 1Hz to IMHz. The electrical
impedance properties describedelow were measured with the standard QCECIS sensor layout
(3000rpm, WE@ =0.5mm). Impedance spectra werecorded after equilibratin of the coated sensor
under 1.5mL serumfree mediumfor D 24 h, and the day after seeding (4800cells/cm?) MDCKII cells
on the sensagrwhen cells have formed a confluent monolageross the coated and uncoated electrode
on the top side of theensor.

In Fig.5z7, the spectraof impedance magnitudeHig.5z7A) and phaseHKig.5z7B) in ECISmode are
illustrated for the electrodes immersed in serufree medium (SFM-) andfor MDCKII celtcovered
electrodes (=« ). A 3D representation of the electrochemical impedanadata with the three
perpendicular axesSQgig ande , is shown inSI10A (p.266). The experimentalmpedance spectran
Fig.5z7 A and B are very similar to thasimulated impedance magnitude and phaggestra of celifree
and a cellcovered ECIS electrodes shownHig.3z15(p. 53. Inthe cellree situation the impedance is
dominated by the double layer capacitance of the WE in the frequeaoge of 1z 10°Hz. This is
reflected in the constant negative slope of the impedance magnitud€logy E106 )aswell as

in phase shift values of almo€80°. Deviations from an ideal capacitive behavior acounted for by
describing the electrode as CREequivalent circuitsin the high frequency band( 10 Hz)the current
flow through the system is determined by the bulk resistance of the electrolyte (SFM), sheshressed
by gisconverging to a consta, frequency independent leveind byan convergence of the phase shift
from 0 ° towards O°. For celcovered electrdes, the impedance situation is different. In the very high
and very low frequency regions, the impedance is still dominated by the electrode capacf@nd@Hz2)
and the bulk resistanc€Q> 10 Hz), respectively. Howevethe impedance is significaty increasedn-
between by the presence ofcells on the WE which actas insulating particles. A capacitance and
resistance in parallel, in series to the CPE of the WE and the bulk resistancapproximately describe
the impedanceof a cellcovered WHEcf. spectral properties of an R||C circuifliab.3z4 B, p.29). This is
confirmed by the phasef the impedance Scanning from low to high frequenci€§>10Hz), the phase
of the celtcovered sensor firstly deviates fro@0 ° of the ideal electrode capacitance towardsore
positive valuesaround 18Hz, reflecting an increasingresistance contribution by the MDCK cells.
Around 16z 10°Hz, themembrane capacitance of the cells play a decisive role for current pathways
through the cell layer, reflected in a phase drop towai@0° again, until at higher frequencies
("> 1P H2) the bulk resistance of the medium determines the entire impeddnuesse signal. The
frequency regiorin which he cell layer affects impedan@nd the extent oits impedance contribution
dependson the cell type. Critical properties are the tightnessr&rcellular junctions, the average radius
of cell bodies, the cektlectrode distance, thespecific resistivity of the suiellular electrolyte, and the
membrane capacince of the cells(cf. Fig.3z17and subsectior8.4.3. For instance, th&ClSdata of
MDCKII cells on the QCNECE sensof-+- in Fig.5z7) show impedance contributions by the cells across
three orders of magnitude of frequency. Moreover, the MDICKell layer increased thmagnitude of
impedance by a factr ofalmostsix at the most sensitive frequency. Absolute values are listethib. 5z

2. A dotted line inFig.5z7 A, B indicates the sensitive frequency. It is determined from the normalized
impedance spectrung® | ¢Q shown inFig.5z7D, representing the impedance spectrum of a eell
covered sensor divided by that of a ektte sensordg | o I8 7 kIBI76 )i khispgpvidesa peak
function with the sensitive frequencys the frequencywhere S5 changes most due to the cells
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(Q B ="QLR i o). For the exemplary data, the peak maximumgi§ ; gwas determined at
QB =25kHz.

For a betterand more specific analysis, the impedance was expressed by complex numbers. Thereby, the
real part of the complex impedance includes all resistive contributions of the observed system and is
expressed by an equivalent resistan@A® Y. Since indudie elements are not present in the
observedelectrochemicalsystem, the imaginary part of thenpedanceis expressed by an equivalent
capacitance) | ® 1 0 . The representation of the complex impedance by the respective values
of resistance {@-,®) and capacitance-¢-,-®-) is shown in a frequency dependent manner for-trek

(open symbols) and cetlovered (filled symbols) electrodes Fig.5z7C. A corresponding 3-D
representation of the electrochemice¢sistan@ and capacitancdatawith the three perpendicular axes

"Q0, and, is shown irSI10B (p. 266). The esistance and capacitan@pectrathat are extracted from

the experimental electricampedance(Fig.5z7 C) show prdiles similar to the simulated datpresented
abovein Fig.3z16 (p.54). From the spectra ifig.5z7C, one can see the most pronounced response of
the resistance tahe MDCKII cell layer at lowdrequendes("Q 'Y =200Hz), whereas the capacitance

is sensitive for the presence of MD@Kcell membranesn the WEat elevated frequeng levels

("Q o6 =32kHz). Fig.5z7D shows the respective spectra of nornmdd resistance T i oj

Yer KX iio ;a%i)iagd normalized capacitancei(i o Ox 7 iX&wi &2 ) dhe presence of a
confluent MDCKII cell layer on the WE causa decrease in the capacitance by a factosiafand a32-

fold increase in the resistanca the respective frequenciesyith respectto the WE exposed to cell
culture medium only. Absolute values of parameters are summariz&@m5z2. Stray capacitances due

to the wiring cause drop of the capacitance a>D 50kHz Here, the experimental data deviateom

the simulated curves, as parasitic effects have not been considered in the model calculations.

Fig.5z7E shows the ECIS data represented in the complex plane, ththinear axes2 A® and ED
) & . The imaginary axis is plotted inversely for a better presentatibime bright grey insein Fig.5z
7E shows a zoomrin to the high frequency range tdide the CPEcontribution of the WE,which
dominates at low frequencies, and to visualize thmpedance contributionof cells in the complex
presentation The celfree sensor (&) exhibits impedance properties of a CR&th dominating
capacitive contributiols in series with the bulk resistancef the electrolyte (cfTab.3z4 A). Cells
(MDCKII) on the WE+-) add a R||C element geries to the serial CPR,ux circuit. This is noticeable in
a knick in the curve d€»>300Hz compared to the celree situation (see inset iRig.5z7 E), which reveals
the semicircle of a R||C element in the complex planeT@b. 3z4 B). For"Q< 300Hz the CPE dominates
current flow, illustrated by a strong increase ahe imaginary part. A further zoonsn to the maximal
frequency (dark grey inseim Fig.5z7 E) uncovers thathe curves do not cross the origin of the complex
plane Thisreflects the constant real part contribution of the bulk resistan@dfset in xaxis direction;
cf. Tab.3z4 C)as well as stray capacitances arising from the wi(oigset in yaxis direction)Fig.5z7F
extends this2-D plot to a 3D Nyquist plotby the introduction of the frequencitas the third axis. All
axes are perpendicular to each other and are preseimiddgarithmic scaleThe pojection of the curves
to the complex plane (left back plane) mirs a doubldogarithmic presentation of the 2D Nyquist plot
shown inFig.5z7 E. The projection to they-plane (bottom plane) reflectthe resistance spectra shown
in Fig.5z7C (2 Al  "Y), and the projection inthe xz-plane (right back plane) illustrasemodified
capacitance spectrgd (I & 1 06 ).
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Fig.5z7 Electrical impedance spectra of a QEBCIS sensor in ECiSode. (A) 35 "Q and (B)
» "Qare shown for the sensdwaded with cell culture medium$-) andcovered with a confluent
layer of MDCKII cells (). The most sensitive frequency of maximal cell respo$exsis
indicated (2.5kHz). (C) Spectra of equivalent resistance/ ('Q; -0 ,-®) andcapacitance § "Q;

, ) were extractedfrom the realpart (2 Ad  'Y) and the imaginary part() &

1 6 )ofthecomplex impedancand areshown forthe cell-free (open symbols) anithe cell-
covered (filled symbols) sensofhe most ensitive frequencies ¢ and 6 with respect to cell
coverage of the WBreindicated (200Hz and 3XkHz, respectively)D)Normalized spectra ofis
(& LFjof V7 EgFGin KA Yio Yer ENazio KNG (61 oj
Ox7i ifxiri & coiresponding to the spectra oélHree/ celtcovered WEs il andC. The peak
maxima provide the most sensitive frequency of each parameter, as indicéEg2:D and (F)3-D
Nyquist representation of the complex impedancéote: the imaginary axis {axis) is displayed
inverted, and axes il arelinear whik theyare logarithmic in Hmpedance values were recorded
at 61 equidistant frequencies betweerHz and MHz.












































































































































































































































































































































































































































































































































































































