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2  Introduction 

1.1 Label-free Biosensors for Cell-based Assays 

Following IUPAC, a biosensor is defined as 

a self-contained integrated device, which is capable of providing specific 

quantitative or semi-quantitative analytical information using a biological 

recognition element (biochemical receptor) which is retained in direct spatial 

contact with a physicochemical transduction element.[1] 

The biological recognition unit in biosensors can be represented by enzymes, antibodies/ antigens, 

nucleic acids, DNA strands, cell organelles or particles, micro-organisms, whole eukaryotic cells, or 

tissues. The setup of a cell-based biosensor device is illustrated on the right hand side in Fig. 1ɀ1. It is 

composed of two major components: (1) an immobilized biological receptor unit (cells), which sensitively 

and selectively reports on the presence of an analyte or stimulus in a concentration-dependent manner 

by the change of a physicochemical quantity and (2) a transducer 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 electronics for the detection of this signal and a control and signal 

output unit for controlling the transducer readout and further conversion, data processing, analysis, 

storage, and visualization of the signals measured.  

With respect to cellular biosensing, one has to distinguish between biosensors that are based on 

adherent/ immobilized whole cells as the biological recognition unit for monitoring the cellular response 

to an externally applied analyte/ stimulus, and biosensors that utilize immobilized functional proteins or 

other structures on the sensor surface for the specific detection of cells as the analyte in a sample. In this 

thesis the term cell-based biosensor (CBBs) is used only for the former. Moreover, cell-based assays 

(CBAs) are classified in label-based and label-free approaches. Whereas the former require additional 

reporting compounds for detecting cellular responses, provided by radio-, enzyme-, fluorescence- or 

chromophoric labeling or overexpression of reporter proteins, the latter does not. Label-free CBAs 

exhibit several advantages over conventional label-based cellular assays. First, label-free approaches 

redundantize a costly and time consuming labeling step or genetic engineering. Moreover, there is no 

additional component introduced or generated in situ, which potentially interferes with the native 

cellular system under study. Label-based assays are typically endpoint approaches where the experiment 

is terminated at a predefined point and where cells are commonly sacrificed for analysis. By contrast, 

label-free sensor technologies for living cells themselves are characterized by their non-invasiveness of 

measurements. This allows an unrestricted and continuous monitoring and analysis of CBAs over any 

desired period of time. However, label-based methods are advantageous in other fields, like for intstance 

for identifying and analyzing of specific biomolecular interactions or in the throughput of CBAs. 

Therefore, label-free and label-based CBAs are considered rather as complementing than as competing 

approaches. 

Label-free CBB technologies gained an increasing interest over the past two decades, as they are 

considered as a promising tool in various research fields, such as drug discovery, toxin and pathogen 

testing, clinical diagnostics, environmental monitoring, and biosecurity, just to name a few.[2ɀ6] Sensors 

based on cell cultures act as a bridging technology between the classical sensing of biomolecular 

recognition/ interaction and animal tests. Though cell-based biosensors cannot mimic the total response 

of a whole organism towards a stimulus, they provide a native biological environment on a small scale 

(the cellular level) that mirrors the real physiological situation much better than isolated biomolecules. 
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Cells represent the smallest self-sustaining living entity. In in vitro cell cultures the basic biological 

processes at the cellular level (like spreading, proliferation, barrier formation, migration, gene 

expression, signaling, apoptosis, etc.) are similar to the processes in vivo. Hence, they are in many cases 

a representative functional model system for the whole body of an organism. In contrast to biomolecular 

sensors, in cell-based assays it is not the molecular interaction event of an analyte with a target structure 

that is detected, but it is rather the detection of the integrated physiological effect caused by an analyte 

or stimulus with all its complexity as a whole.  

 

 

Fig. 1ɀ1 On the right: setup of a label-free cell-based biosensor (CBB). On the left: ways how 
chemical, biological, and physical stimuli may interact with the cellular recognition unit to cause 
a cellular response (a change in physicochemical quantity) that is converted into a measurable 
electric signal by the transducer unit. In parts adapted from [7]. 

There are many ways how an externally applied stimulus can be recognized by a cell layer. This is 

schematically shown on the left hand side in Fig. 1ɀ1. In cases of a chemical (e.g. a metal nanoparticle) or 

a biochemical (e.g. a toxin) stimulus the respective substance can be recognized by the cells due to its 

uptake, via free diffusion across the cell membrane, channel-/ carrier-mediated transport, or endocytosis 

(Fig. 1ɀ1 A ɀ D), or due to its (specific or nonspecific) binding to cell surface receptors (Fig. 1ɀ1 E). A 

physical stimulus (e.g. heat) interacts as a whole with the total cellular system (Fig. 1ɀ1 F). Any event of 

stimulation or cell-analyte interaction could cause the activation of intracellular processes and signal 

cascades that in turn could be finally expressed in any kind of structural, functional, and/ or metabolic 

cellular response. Thus, the physicochemical change might be of multidimensional and complex nature. 

For instance, a stimulus could cause a change in the cellular metabolism (affecting the equilibrium 

concentrations of e.g. glucose, dissolved oxygen, HCO3
Ͼ, H+, Na+, Ca2+, ClϾ, lactate, etc.), changes in the 

membrane potential, the barrier resistance and cell morphology (both affecting the dielectric properties 

of the cell layer), the distribution of mass, and in the micromechanics of the cells.  

These cellular responses and the accompanying changes of physicochemical parameters are what is to 

be detected and transferred into a measurable electrical signal by the transducer units of the label-free 

biosensor devices (Fig. 1ɀ1). There are various types of transducers, distinguishable by the underlying 

physicochemical phenomenon: electrochemical (including potentiometric, amperometric, and 

impedimetric), optical, thermometric, piezoelectric, and magnetic transduction.[8] Tab. 1ɀ1 gives an 
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overview on the most common transducer principles and sensor techniques hitherto presented for the 

label-free and non-invasive monitoring and analysis of cell-based assays. However, this list makes no 

claim of completeness, since there are several further methodical and metrological developments and 

enhancements of the various sensor platforms. A complete survey is beyond the scope of this 

introduction on label-free CBBs. For instance, there are various microscopy-based techniques that make 

use of a metrologically modified form of the various transducer principles. These approaches are not 

listed here. It has to be noted that the luminescence-based readout principles mentioned are confined to 

experimental setups in which the luminophore is immobilized in a sensor matrix.This means that the cells 

are not exposed to the luminescent reporter compound and the approache therefore is justifiable 

referred to as label-free. The basic operation principles of selected CBB techniques which are most 

relevant to the scope of this thesis (printed in bold type in Tab. 1ɀ1) and exemplary applications in label-

free CBAs are considered in more detail below.  

Tab. 1ɀ1 Most common transducer principles and sensor techniques used in label-free cell-
based biosensing (CBB).[3,4,6,8ɀ22] Techniques printed in bold type are described in more detail in 
subsections 1.1.1 ɀ 1.1.3. 

Transducer Principle Readout Principle/ Quantity Sensor Technique 

Electrochemical  Potentiometry LAPS/ MLAPS 

  ISFET/ EnFET 

 Amperometry ME/ Clark-type ME 

 Impedance ECIS 

 Resistance  

 Capacitance  

Optical Luminescence (OCS) Intensity/ Anisotropy/ Lifetime  

 Scattering Raman/ SERS 

 Refractive Index SPR (Prism-/ Waveguide-/ Grating-Coupling) 

  RWG 

  Interferometry/ RIfS/ RICM 

  Waveguide 

  Optical Ring Resonator 

  Photonic Crystal 

  Resonant Mirror 

Piezoelectric Shear Acoustic Wave QCM 

  SAW 

LAPS: Light-Addressable Potentiometric Sensor, MLAPS: Multi LAPS, ISFET: Ion-Selective Field-Effect Transistor, EnFET: 
Enzyme Field-Effect Transistor, ME: Microelectrodes, ECIS: Electric Cell-Substrate Impedance Sensing, OCS: Optical Chemical 
Sensing, SERS: Surface-Enhanced Raman Spectroscopy, SPR: Surface Plasmon Resonance, RWG: Resonant Waveguide 
Grating, RIfS: Reflectometric Interference Spectroscopy, RICM: Reflection Interference Contrast Microscopy, QCM: Quartz 
Crystal Microbalance, SAW: Surface Acoustic Wave. 

 

1.1.1 Electrochemical Transducers for Label-free CBB  

Electrochemical signal transduction can be divided into various types, either depending on its mode of 

readout, i.e. potentiometric, amperometric, and impedimetric, or depending on the content of 
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information in CBB applications, i.e. cell metabolism or cell morphology. Electrochemical sensors for the 

analysis of cell metabolites are described on the basis of ion-selective field effect transistors (ISFET), 

light-addressable potentiometric sensors (LAPS), and amperometric microelectrodes. Information on 

cell morphology, cytotoxicity, and cellular motility  is monitored by impedance analysis of adherently 

grown cell monolayers, also referred to as electric cell-substrate impedance sensing (ECIS). 

ISFET  

Ion-selective field effect transistors (ISFETs) are ion sensors based on field effect devices (FEDs), where 

the metal gate of typical metal-insulator-semiconductor/ metal-metal oxide-semiconductor field-effect 

transistors (MISFETs/ MOSFETs) is replaced by a reference electrode and an electrolyte solution above 

the gate insulator. Ion-sensitivity in ISFETs is introduced by an additional ion-sensitive layer between 

electrolyte and insulator.[8] A schematic layout of an ISFET is shown in Fig. 1ɀ2 A. The current Ὅ between 

source and drain at a constant gate potential Ὗ  is determined by the surface potential at the interface 

between the ion-sensitive layer and the electrolyte. Changes in the ion concentration in the solution 

influence this surface potential, resulting in a change of the source-drain current. At the operation 

principle of constant drain current, suitable electronics then automatically adapt the gate voltage to 

restore the initial operational drain current and to compensate for the surface potential changes due to 

the changing ion (analyte) concentration, respectively. The change of the gate voltage thereby directly 

correlates with the analyte concentration.[8]  

In H+/ pH-sensitive ISFETs (pH-ISFET) the surface of the gate insulator (Si3N4, Al2O3, Ta2O5) directly acts 

as the proton-sensitive layer. The ISFET devices are also capable of quantitatively sensing other ionic 

species but H+ by the introduction of additional ion-sensitive layers. These are either ionophore-based 

polymeric membranes, molecularly imprinted polymer membranes, or solid ion-responsive 

membranes.[8] ISFETs for the sensitive and selective determination of the physiologically relevant 

species Na+, K+, Ca2+, and ClϾ [23ɀ29] in cell-based assays have been developed. Besides these, ISFETs for 

metal-ions like Ag+, Cd2+, Cu2+, Hg2+, and Pb2+ [8] have also been reported. By coating the ion-selective 

layer of an ISFET with an enzyme layer that produces or consumes in an enzymatic reaction the ion to 

which the layer below is sensitive, one obtains a so-called enzymatic ISFET (EnFET). This allows the 

indirect determination of other reactants and products of the enzymatic reaction. EnFETs based on H+/ 

OHϾ detection (enzymes immobilized on a pH-ISFET) were utilized for the biosensing of various analytes, 

such as glutamate [30], glucose [31ɀ34], urea [35ɀ40], lactate [41], penicillin [42,43], and glykoalkaloids [44]. ISFETs 

are mostly used as pH-ISFETs in CBBs for cell microenvironment monitoring and sensing of the 

extracellular acidification rate (ECAR).[10] As the ECAR is correlated with the physiological state and 

serves as an indicator for the global metabolism of cells [45], pH-ISFETs have been widely used in cell-

based screenings of anticancer drugs efficacy.[17] Recently, a chip-based sensor approach has been 

realized for the simultaneous monitoring of both the ECAR and the oxygen consumption rate (OCR) 

(cellular respiration) with a single ISFET.[45] Further multi-parametric CBBs were developed on that basis 
[45ɀ65], which will be addressed in 1.2 Multi-Parametric Label-free Cell-based Biosensing.  

LAPS  

Light-addressable potentiometric sensors (LAPSs) are multilayer field-effect devices similar to ISFETs 
[66]. A LAPS consists of a doped semiconductor covered with an insulator layer and a chemosensitive 

layer. The device is immersed in an electrolyte solution. The semiconductor is connected with a reference 

electrode in contact with the electrolyte (Fig. 1ɀ2 B; reviewed in [10,17,67ɀ70] with respect to biological and 

cell-based applications). The insulator material of LAPSs is typically made up either of a single SiO2 layer 
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or a double layer of SiO2 and Si3N4, Al2O3, or Ta2O5 on top, whose surface charge is sensitive to H+-ions in 

the solution. If a bias voltage Ὗ  with respect to the reference electrode is applied to the LAPS, a 

depletion layer is established at the insulator-silicon interface. By irradiating the device with modulated 

LED light pulses of appropriate (IR) wavelength, electron-hole pairs are generated in the silicon. This 

causes an AC photocurrent as a function of the DC voltage in the LAPS. The effective potential, thereby, 

is the sum of the applied bias potential in series to the surface potential at the insulator-electrolyte 

interface.[8] Hence, any change in the H+ concentration in the solution causes a change in the surface 

charge, affecting the interface potential and consequently the photocurrent. As LAPSs are usually 

operated in constant-photocurrent mode, the required change of the bias voltage for compensating 

photocurrent alterations (using a feedback-control circuit) is the readout quantity and corresponds to pH 

changes.[10] For instance, a decrease in the pH due to an increased ECAR causes the protonation of silanol 

groups at the insulator-electrolyte interface. This means a decrease of the interfacial charge and a 

reduction of the surface potential, which goes along with a smaller depletion of the semiconductor and 

a decrease in the photocurrent. Like in ISFETs, sensitivity to other analyte ions but H+ can be introduced 

by a chemoselective layer on the insulator (Fig. 1ɀ2 B).[28]  

The possibility of only irradiating locally defined regions of the semiconductor material enables to 

readout various areas of the cell-covered sensor independently. On the one hand, this can be utilized for 

multi-analyte sensing (multiplexing), also termed multi-LAPS (MLAPS), by implementing differently ion-

sensitive membranes distributed over the insulator surface. These are monitored either sequentially by 

LEDs with similar modulation frequency or simultaneously by several light sources with different 

frequency modulations.[71ɀ77] MLAPS applications have already been presented for the parallel 

monitoring of the ECAR, glucose uptake, oxygen uptake, and lactate production [78,79] as well as for the 

simultaneous sensing of ions like H+, Li+, Na+, K+, Ca2+, and ClϾ [27,72,73,77]. On the other hand, the locally 

defined LAPS readout can be applied for imaging the spatial distribution of a single analyte by either 

scanning the light source across the device or using an array of light sources.[80ɀ82] This has already been 

presented for the 2-D mapping of local pH values.[71,75,76,81,83] ECAR and cell metabolism sensing by LAPS 

has been widely used in various research fields, as for instance in receptor-based studies, biodefense 

toxin discrimination, drug efficacy and cancer studies, or environmental toxin monitoring (see [10,67,69,70,79] 

and references there). LAPSs in combination with cell-based assays for sensing extracellular acidification 

are often also referred to as cytosensor or microphysiometer as the trade name of the only 

commercialized LAPS system (Molecular Devices LLC; Sunnyvale, CA, USA).[67] 

Amperometric 

Besides the potentiometric field-effect-based transduction techniques ISFETs and (M)LAPS, ampero-

metric transducers for chemosensing (Fig. 1ɀ2 C) are described as well. The most commonly used sensor 

of this type is the amperometric oxygen sensor for the determination of the biological oxygen demand 

(BOD).[8] The first amperometric sensor was presented by Clark in 1956 for monitoring and controlling of 

blood and tissue oxygen tensions.[84] In Clark-type amperometric oxygen sensors, the analyte solution is 

separated from an electrochemical cell by an oxygen-permeable Teflon membrane. The cell consists of 

a working and a counter electrode immersed in a KCl solution. Oxygen molecules 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 current measured. Hence, the reduction current as the readout 

quantity is a direct measure of the concentration of dissolved oxygen (DO) in the sample solution. 

Clark-type microelectrodes (MEs) and planar amperometric pO2 sensor structures (a three electrode 

system controlled by a potentiostatic electronic circuit) were developed and integrated into miniaturized 
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chip-based systems for the label-free and continuous monitoring of DO in cell-based assays, i.e. the 

oxygen consumption rate (OCR) of cells.[47,48,50,53,54,57,60ɀ62] The sensor chips with integrated amperometric 

oxygen sensors are typically build up as multi-parametric sensors and contain further physicochemical 

transducer structures like e.g. for cell morphology testing and ECAR monitoring. Besides the direct 

measurement of DO, the amperometric sensors are also capable of sensing indirectly any species that is 

consumed or produced in an oxidase-based enzymatic reaction (amperometric enzyme sensor) via the 

oxygen or hydrogen peroxide concentration. For this purpose, the amperometric pO2 sensor is coated 

with a layer in which the respective enzyme is immobilized and which enables free diffusion of all 

reactants between the bulk solution and the sensor surface. This approach was first presented by Clark 

and Lyons as an amperometric sensor for glucose [85] and has also been applied as transduction method 

in cell-based assays for the label-free determination and monitoring of glucose and lactose [78,79]. A list of 

physiologically relevant analytes that have been successfully monitored by amperometric enzyme 

sensors is given in [86]. 

ECIS 

Electrical impedance-based sensing of adherent cells, also termed as electric cell-substrate impedance 

sensing (ECIS), utilizes the property of cells to impede AC current flow when they are in close contact to 

the substrate, i.e. a small gold-film working electrode (Fig. 1ɀ2 D). This technique was presented first by 

Giaever and Keese in 1984 [87] ÁÓ ȰÍÏÒÐÈÏÌÏÇÉÃÁÌ ÂÉÏÓÅÎÓÏÒ ÆÏÒ ÍÁÍÍÁÌÉÁÎ ÃÅÌÌÓȱ [88]. The principle of ECIS, 

the method of impedance spectroscopy, and the analysis, physiological meaning, and modeling of 

impedance data are extensively addressed in the methods section 3.4 Electric Cell-Substrate Impedance 

Sensing (ECIS). Briefly summarized, ECIS enables the time-resolved, label-free, and non-invasive 

monitoring of cell-substrate interactions like cell attachment and spreading, proliferation, as well as cell 

detachment, and is suitable for long-term measurements of cell-based assays.[89,90] Additionally, changes 

in cell-cell interactions and cell morphology that open or close AC current pathways through the cell 

layer, such as for instance barrier formation and opening, can be sensitively measured in a change of the 

electrical impedance.[91ɀ95]  

Such cell morphological alterations in a cell layer can be caused by various stimuli and, thus, make 

impedance monitoring a versatile tool for studies of e.g. cell vitality (analysis of impedance fluctuation) 
[96ɀ98], cell migration and wound healing [99ɀ103], cell invasion [100,104ɀ107], barrier function [91,93,108], 

cytotoxicity [109ɀ116], and drug efficacy [4,100,117]. The ECIS system has also been applied in actuation mode, 

by exposing cell layers to AC voltage pulses of high amplitude. This has been used 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 of the voltage pulse, with subsequent non-invasive impedance 

monitoring and analysis of the electrically manipulated cell layer.[7,118ɀ120] The principle of ELPO is 

addressed in more detail in subsection 3.4.5. Besides the use of one or more small circular working 

electrodes as the impedance-sensitive spot(s) vis-à-vis to a large counter electrode, impedance-based 

CBBs are also presented utilizing interdigitated electrode (IDE) structures.[51,60,61,112,121ɀ123]  

1.1.2 Optical Transducers for Label-free CBB 

Optical biosensors in general can be categorized into the various properties of electromagnetic radiation 

that are used for readout: the wavelength of excitation/ emitted light, the intensity of absorbed light 

(UV-/ VIS-/ IR-absorbance), the intensity of reflected/ scattered light (reflectometry, interferometry, 
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Raman), the intensity of emitted light (fluorescence, phosphorescence), and the luminescence lifetime 

and anisotropy.  

Even though transmission light microscopic techiques for analyzing cells are not in the scope of this 

overview, they are important non-invasive tools for the visual evaluation of the cell morphology and thus 

should be briefly mentioned here. Aside from the already established optical contrast-enhancing 

techniques like phase contrast and digital interference contrast microscopy, digital holographic 

microscopy (DHM) is an emerging and promising non-invasive and label-free interferometric method. It 

provides 3-D images of transparent samples like cells with 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 well-suited for the image-based label-free 

screening and quantitative analysis of various events of cell morphological alterations.[124ɀ126]  

Up to now, almost any optical CBB with the purpose of label-free transduction makes use of refractive 

index (RI) changes that occur at the sensor surface due to cell-substrate interactions and surface binding. 

There a various RI-based biosensor techniques and setups (Tab. 1ɀ1), 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 light that is reflected and analyzed. RI sensors applied in 

cell-based assays utilize interferometry, ring resonators, waveguides, resonant mirrors, photonic 

crystals, surface plasmon resonance (SPR), and resonant waveguide grating (RWG).[9,127ɀ130] Amongst 

these, SPR and RWG are most widely used.[2,16,130ɀ133] Aside from the RI-based signal transduction, 

luminescence-based optical chemical sensing (OCS) is also used in label-free CBAs. The immobilization 

of the luminescent probe in a planar sensor matrix thereby implements the label-free approach in the 

experimental setup.The cells are hereby exposed neither intracellularly nor extracellularly to the probe 

and therefore this method is distinguished from conventional label-based biochemical assays using 

dissolved/ suspended probes.  

SPR 

In SPR (Fig. 1ɀ2 E) [132,134ɀ139], light is coupled into a high refractive index (RI) medium (e.g. a glass prism in 

Kretschmann configuration [132,135], ὲ) in a certain angle ʃ of incidence so that total internal reflection 

(TIR) occurs at the interface with a low RI medium (e.g. water, ὲ; ὲ < ὲ). The critical angle above which 

TIR occurs depends on the wavelength of the incident light. If the requirements for TIR are met, a surface-

bound electromagnetic (evanescent) wave is generated at the prism/liquid interface, which decays 

exponentially into the optical thinner medium, i.e. the liquid. The p-polarized component of the 

evanescent wave can excite free surface electrons in a thin noble metal layer (Au, Ag) coated at the prism/ 

liquid interface. This generates so-called surface plasmons, i.e. longitudinal electron density oscillations 

(Fig. 1ɀ2 E). Besides this method of prism coupling, surface plasmons can also be excited by means of 

waveguide coupling or grating coupling.[127,132,140] There is a specific resonance condition at which a 

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 and the 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 RI change of the liquid close to 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 light intensity and information on RI changes at the biosensor surface by means of 

resonance frequency changes.  
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Fig. 1ɀ2 Label-free transducer technologies applied for cell-based biosensing: (A) ISFET, (B) 
LAPS, (C) Amperometric (enzyme) sensor, (D) ECIS, (E) SPR in Kretschmann configuration, (F) 
RWG, (G) luminescence-based OCS, and (H) QCM; drawings not to scale. 
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The SPR technique was initially developed for the analysis of biomolecular interactions. Its success in this 

field is apparent in a variety of commercial devices. Therefore, the SPR is often also termed affinity-based 

biosensor.[139] However, in recent years the SPR has been discovered as a valuable means to investigate 

not only molecular but also cell-substrate interactions and structural changes in the basal region of 

adherent eukaryotic cells, also referred to as dynamic mass redistribution (DMR) [141,142]. The SPR/ DMR 

sensors have been used for label-free and time-resolved investigations of structural and morphological 

processes during cell adhesion and proliferation [143ɀ145] and due to extra- or intracellular stimuli 
[127,133,138,143,144,146ɀ150]. Aside from the spectroscopic approach, SPR has also been applied in a microscopic 

manner (SPR microscopy or SPR imaging) for imaging of cell-substrate contacts of living cells.[151ɀ155]  

RWG 

In contrast to the prism-coupling of incident light in the SPR technique, grating-coupling is used in the 

RWG technique for generating an evanescent field and surface plasmons, respectively.[2,142,156ɀ160] In RWG 

(Fig. 1ɀ2 F), an optical waveguide film of high refractive index and with a periodic metal diffraction layer 

(subwavelength structured) is illuminated with polychromatic p-polarized light. By the diffraction 

grating, light at a narrow band of wavelengths is selectively coupled into and propagates along the 

waveguide.[161] 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 coupled into the waveguide, thereby depends on the refractive index 

at or close to the waveguide (sensor) surface. Thus, local changes in the RI due to DMR at the cell-

substrate interface [141,142] cause a shift in the resonant frequency, which can be sensitively measured by 

the spectroscopic analysis of the reflected or transmitted light.[12,142,157,161ɀ163]  

RWG sensors have been successfully applied in a multitude of cell-based assays. Studies provided time-

resolved data of cell-substrate and cell-cell interactions during cell adhesion and spreading on the RWG 

surface.[142,145,157,162,164] The responses of cells in the form of spatial and temporal relocation of cellular 

structures (mass) in receptor and signaling studies [141,142,159,165ɀ168] and changes in the RI signature of 

adherently grown cells upon treatment with various membrane- and cytoskeleton-affecting drugs and 

compounds [142,167] could be sensitively monitored by means of RWG as well. 

Luminescence-based OCS 

A non-electrochemical transducer principle for the screening of metabolic species in cell-based assays is 

based on the chemosensitive change of optical quantities. Such optical chemical sensors (OCS; reviewed 

in [169ɀ173]) are often also termed as optodes as the optical analogue to the electrodes. They are 

categorized into the direct measurement of an analyte, by the change of an intrinsic optical property, 

and the indirect determination via the optical properties of an indicator molecule (probe). The latter case 

is the mostly used approach for screening metabolic or physiologically relevant species in cell-based 

assays, since such small, low molecular weight molecules typically possess no optical properties usable 

for their direct determination, such as for example absorbance or fluorescence in the visible spectral 

range. To comply with the approach of label-free CBAs, the probe has to be immobilized in a planar 

sensor matrix which prevents direct contact and interaction with cells (Fig. 1ɀ2 G). Due to the high 

sensitivity of fluorescence-based analytical techniques, fluorescent probes are mainly used. The basic 

requirement for this method is a change in the fluorescence properties of the indicator molecule 

(intensity, anisotropy, lifetime) in a concentration-dependent manner specific for the analyte of 

interest.[174] This could arise from either a physical interaction or a reversible chemical reaction of analyte 

and probe molecules, causing a quenching or the generation of luminescence. For instance, oxygen as 
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one of the most relevant metabolic species in biological systems is an effective quencher of 

phosphorescence, making the intensity and lifetime of the indicatorȭÓ phosphorescence valuable 

quantities for the sensitive monitoring of oxygen concentrations.[175] For detailed information on oxygen 

sensing via luminescence quenching and the readout principle of fluorescence lifetime imaging the 

interested reader is referred to the methods-section 3.5 Optical Temperature and Oxygen Imaging. The 

range of accessible analytes is further increased tremendously by means of enzymatic reactions in which 

the analyte is consumed and compounds that affect the luminescence properties of a probe are either 

consumed as well or produced. The most popular biosensor of this category is the optical glucose sensor, 

where D-glucose is enzymatically consumed in a thin layer of enriched glucose oxidase (GOx) between 

the sample solution and the indicator layer (Fig. 1ɀ2 G). Dissolved oxygen is consumed in this reaction 

while hydrogen peroxide and protons are produced, all of which are available for analytical detection with 

the respective chemosensitive indicator layers.[170]  

Different configurations of OCS have been described in the introductory section of Chapter 6. An 

overview for various analytes that are of interest in cell-based assays and for which chemosensitive 

luminescent probes have been presented in the literature is also given here. Amongst these, probes for 

oxygen (pO2) and pH are most commonly used in CBBs, providing 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 subsection 6.2 Imaging the Oxygen 

Consumption Rate (OCR) beneath Adherent Cells. Fluorescence-based OCSs have been presented in 

various formats with respect to miniaturization, parallelization, and multiplexing [58,173,176ɀ195] as well 

combined with other sensor principles for the purposes of multi-parametric whole-cell biosensing 
[46,51,55,59] (cf. section 1.2).  

1.1.3 Piezolectric Transducers for Label-free CBB 

QCM 

A third type of label-free CBBs is based on the inverse piezoelectric effect and the phenomenon of 

electromechanical coupling.[20,196ɀ198] The effect of piezoelectricity and how it is utilized for the 

electromechanical (acoustic) transduction in shear acoustic wave sensors is described in detail in the 

methods section 3.3 The Quartz Crystal Microbalance (QCM). 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: flexural-plate-wave (FPW), surface 

acoustic wave (SAW), and bulk acoustic wave (BAW).[20,196,197,199ɀ202]  

The acoustic wave sensor technique that is used by far most widely in (cell-based) biosensing applications 

is the quartz crystal microbalance (QCM). The QCM is a BAW device and is also referred to as thickness 

shear mode (TSM) resonator.[11,21,196,203,204] A schematic cross section of a QCM sensor is illustrated in 

Fig. 1ɀ2 H. The core component of QCM acoustic sensors is an AT-cut quartz crystal. When an AC 

potential is applied via electrodes at the surface of such a material, the molecules between the electrodes 

are excited to perform a shear displacement. This mechanical oscillation travels in the form of an acoustic 

wave through the piezoelectric material and decays in exponential fashion into the surrounding media at 

its surfaces. Any mechanical alteration occurring within the decay length of the acoustic wave in the 

adjacent medium can be sensitively recorded by a change in the oscillation properties of the crystal. 

Besides measuring the adsorption of rigid masses on the microbalance surface via a decrease in its 
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resonance frequency, the QCM is also capable of  detecting changes in the viscoelastic properties of the 

quartz crystal loading by the damping of the oscillation amplitude.[205ɀ207]  

The QCM technique has been applied in various biomolecular interaction studies (including virus 

detection, protein adsorption, immunoassays, membrane formation and interaction, and 

oligonucleotide hybridization), studies aiming on bacteria detection and quantification, and in the recent 

past also in biosensing studies based on eukaryotic cells (CBB).[22,199,202,208ɀ214] Label-free 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 spreading in a multitude of 

studies.[22,90,215ɀ242] Moreover, the viscoelastic properties of living adherent cells (predominantly 

determined by the cytoskeleton) have been studied under the influence of diverse chemical, biological 

and physical stimuli by QCM sensing as well. QCM studies of CBAs described in literature cover various 

research fields, such as toxicity testing of chemical compounds and environmental pollutants [216,243ɀ251], 

drug discovery [4,19,22,206,216,222,225,234,242,243,248,251ɀ255], cytocompatibility testing of growth substrate 

materials and coatings [11,22,90,216ɀ218,221,224,228,230,232,234,236,256ɀ259], cell receptor and signaling investigation 
[220,260ɀ262], cell motility and vitality monitoring in terms of cytotoxic efficacy [251,263], and detection and 

quantification of the metastasis potential of cancer cells [264] and of the beat rate of cardiomyocites [255]. 

1.2 Multi -Parametric Label-free Cell-based 

Biosensing 

Efforts to improve label-free sensor techniques for non-invasive monitoring of CBAs initially aimed at the 

miniaturization and parallelization of devices for high throughput screening (HTS) capabilities, as 

required in drug screening for instance. However, the technical possibilities of combining independent 

monitoring techniques and the analytical importance of high content screening (HCS) in cell-based 

studies were increasingly recognized, too. Cell-substrate and cell-cell interactions as well as cellular 

recognition of externally applied stimuli can result in multidimensional changes of cellular properties, 

such as for example the mechanics, morphology, and metabolism of cells. The readout signal of 

conventional CBBs however mirrors the complex processes that take place in the cellular system under 

study in condensed form and mostly only by one parameter. It is evident that this represents 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 and of processes occurring in cell-based assays, it is of utmost 

relevance to improve the biosensing systems with respect to multiplexing and HCS on the basis of 

hyphenated techniques.[129] A thus increased number of readout parameters provides the basis for a 

more a comprehensive and detailed description and evaluation of the cellular state and also allows a 

better understanding of metabolic and morphological cellular reactions due to various stimuli. This 

knowledge enables to intervene more specifically into the cellular system. This is not only of interest in 

terms of drug discovery but is also of great relevance in the fields of medical diagnostics, environmental 

monitoring, in early detection of biological and chemical warfare agents, and in basic research in life 

sciences in general.[2ɀ6]  

To date various approaches allowing for multi-parametric cell-based biosensing have been reported in 

literature that will pave the way for label-free HCS of cellular assays. In the following brief overview only 

hyphenated sensor approaches are considered with at least two independent transducer technologies 

combined in one biosensor platform. Approaches where the sensor spots of one transduction principle 
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were multiplied and equipped with different selectivities or sensitivities only, such as for example MLAPS 
[27], multi-ISFETs [265,266], or multiple OCS [58,65,183], are not taken into account here.  

Janshoff et al. presented in 1996 a double-mode impedance sensor for the analysis of cell layers [219]. The 

core component of this dual sensor is a piezoelectric 5 MHz quartz disk that is capable of performing 

shear oscillations. In this mode of operation (QCM-/ quartz-mode) the sensor enables monitoring the 

viscoelasticity of cell monolayers cultured on its surface by impedance analysis. Additionally, the 

dielectrical properties of the cell layer are monitored by impedance spectroscopy in ECIS-analogue 

manner (ECIS-/ cell-mode), with the help of a platinum wire electrode dipping into the culture medium 

from the top. This provides information about the degree of cell-coverage on the sensor and the 

formation of an intercellular barrier, which is complementary to the quartz mode-derived information 

about the mechanical cell-substrate interactions. Aside from studies of cell attachment and spreading, 

the system has been successfully applied in various types of cell-based assays adressing cytoskeleton 

perturbation, (bio)chemical stimulation, and cytocompatibility testing.[22,197,206,236,267,268]  

In 1999, Baumann et al. [64] developed a so-called ȰCell Monitoring Systemȱ (CMS®), which enables the 

simultaneous and label-free monitoring of multiple relevant cell layer parameters by the use of various 

microsensors arranged next to each other on a single surface. The multi-sensor system is build up of pH-

sensitive ISFETs, IDEs, and a temperature-sensitive transducer spot. The pH-ISFET and the IDEs serve as 

sensors for the ECAR and the impedance-based morphological characterization of a studied cell layer, 

respectively. Various different CMS®-chip versions were proposed to meet the requirements of different 

fields of applications. The system was further developed in the early 2000s. The sensor chips were 

equipped with additional electrode structures capable of recording changes in dissolved oxygen and thus 

the OCR of cells by means of modified ISFETs [45] and miniaturized Clark-type electrodes [60]. In this way, 

microsensor chips were developed for monitoring both, metabolic responses (pH and pO2) and 

morphological alterations (impedance) of living cells to drug compounds. Later on, a three-electrode 

arrangement was integrated on the sensor chips that was operated with a potentiostatic circuit for 

amperometric oxygen measurements.[53,62] The microsensor systems were realized on glass chips, 

comprising an optical access for microscopic evaluations, as well as on silicon sensor chips with multiple 

ISFET readout spots.[48,53,54,62] Based on these, a novel multi-parametric biosensor device called 

ȰIntelligent Mobile Labȱ (IMOLA) was introduced by Wiest et al. [47] in 2006. The sensor chips of this 

system are fabricated either with silicon technology or thin film technology (ceramic chips). In the latter 

case, ISFETs for accessing pH changes are replaced by metal oxide sensors. The IMOLA system was 

commercialized by cellasys GmbH (Munich, Germany) in 2007 [269]. A very similar chip system called 

ȰBionas DiscoveryTM 2500 Systemȱ was commercialized by Bionas GmbH (Rostock, Germany), capable 

of independent pH/ pO2/ impedance measurements [270]. Both systems have been applied in a multitude 

of time-resolved cellular assays [49,50,57,61,271,272], for the investigation of the multi-parametric and -

dimensional cellular responses (like in metabolic activity, cellular respiration, and morphology) towards 

various potential cytotoxic substances and drugs.  

In another multiple CBB approach, electrochemical (ECIS) and chemosensitive optical (OCS) 

transduction were integrated next to each other on one sensor surface.[46,55,273] The sensors are integrated 

on the bottom of 24-well-plates and comprise an IDE structure for impedimetric readout of cell 

morphology changes and two circular fluorescence-optical sensor spots (PreSens GmbH; Regensburg, 

Germany) that enable the independent optical readout of pH (ECAR) and pO2 (OCR) in each well of the 

plate. The system under study can additionally be observed and analyzed (fluorescence-) 

microscopically, due to the transparency of the glass-based sensor chips. The parallelized multi-

parametric sensor system has been developed in order to increase aside from the information content 
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also the screening throughput of cell-based assays. For this purpose, not only sensorchip-equipped 

multiwell-plates were presented but also an automated integrated analytical screening platform, 

including a x-y movable microscope for automated imaging, a high-end CCD camera, a light source for 

fluorescence microscopy, and an integration control unit. The integration of further components for 

further automatation, a climate control and a fluidic system was proposed, too, and has already been 

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

system has been demonstrated in the time-resolved multi-parametric screening of cell attachment and 

spreading and of chemical and biological cell layer stimulations.[51,55,59] 

Recently, the combination of the optical and electrochemical transducer principles, SPR and ECIS, in one 

sensor platform has been presented by Michaelis, Wegener and Robelek (2013).[274] They integrated on 

gold film-coated SPR sensor chips an ECIS-analogue electrode layout by means of photolithographic 

structuring. This provides electrodes for impedance analysis on the one hand and two gold-covered areas 

of the substrate for SPR monitoring in cell-based biosensing applications on the other hand. The layout 

enables SPR sensing of two independent channels, where one is usually used as measurement channel 

and the other as control channel. SPR-ECIS monitoring of cells is capable of providing simultaneously 

and non-invasively information for the multi-parametric and time-resolved characterization of cell 

layers, due to the independency and the label-free nature of both sensor techniques. The content of 

information extractable from SPR-ECIS readings covers changes in the DMR and the morphology of cells, 

ÁÓ ×ÅÌÌ ÁÓ ÁÌÔÅÒÁÔÉÏÎÓ ÉÎ ÔÈÅ ÃÅÌÌ ÌÁÙÅÒÓȭ ÉÎÔÅÇÒity and barrier properties. The performance and the 

complementarity of information obtained from simultaneous SPR sensing and ECIS have been 

demonstrated by Michaelis et al. in several proof-of-concept studies, including investigations of cell 

attachment, spreading and differentiation on the dual sensor surface as well as the dual monitoring and 

analysis of confluent cell layers upon their exposure to an actin cytoskeleton disrupting drug. 

Even though this has not yet been applied as CBB, the recently reported combination of QCM and SPR 

by Kim et al. (2010) [275] is also briefly mentioned here, due to its specific relevance in the scope of this 

thesis and as it represents another jigsaw piece in the possible combinations of label-free biosensor 

techniques. The novel dual sensor was constructed on the basis of a typical AT-cut quartz crystal, with 

indium tin oxide (ITO) as transparent electrode material on the bottom side and with a gold film over a 

thin adhesion promoting titanium layer on the top 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 [132,135]. The proposed SPR-QCM setup, however, needs to be substantially improved, 

particularly in view of cell-based biosensing applications, since the SPR sensitivity of this setup is affected 

by disturbing reflections from the additional ITO and titanium layers and since the QCM oscillation 

exhibited a considerably increased motional resistance as a consequence of the damping oil film. 

Finally, it should be noted that the non-invasive nature of all label-free CBB approaches and 

combinations described above offer the possibility to be extended with invasive end-point investigations 

and post-experimental label-based analytical methods, such as e.g. by AFM or fluorescence staining and 

microscopy. The cooperation of time-resolved non-invasive monitoring and of invasive techniques for a 

more in-depth 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 attaining deeper insights into cellular states and a better 

understanding of the behavior of cells in its entirety. 
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Biosensors based on whole cells as the biological recognition unit (CBBs) have gained an increasing 

interest in the past years by research institutes focusing on the development of new technologies that 

can serve as basis for the label-free and non-invasive screening of living cells. Due to steady technical 

improvements in terms of throughput and handling, progresses in data analysis and interpretation, and 

the development of numerous cell-based assays, there is also an increasing interest in CBBs on the part 

of the pharmaceutical, food and biosecurity industry.[2ɀ5,19,276] In CBBs, cell lines can serve as a renewable 

biological recognition element for biomedical assays, such as pathogen and toxin detection and drug 

discovery.[10] Cells cultured In vitro can mimic on a small scale the functional effect of any substance or 

stimulus on tissue, organs or the whole organism and human body, respectively. Thus, biosensing of cells 

provides meaningful high-content information in a physiological context, which is not accessible by 

interaction studies of isolated biomolecules or by label-based and therefore invasive cell-based assays. 

In terms of drug discovery, for instance, the application of CBBs allows a pre-selection of candidate test 

substances and concentrations in preclinical screening studies to minimize the number of animal tests, 

which is desirable for both ethical and cost reasons.  

Fig. 2ɀ1 gives an overview of the technical state of the art of the three main CBBs used for monitoring 

structural changes of cells, QCM, ECIS, and SPR, with respect to available modes of operation and sensor 

combinations (indicated with a connecting line) at the beginning of this thesis. Sensing 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 cells and their microscopic 

investigation, mostly used in addition to CBB, are also illustrated for the sake of completeness. Fig. 2ɀ2 

shows the same overview, however, expanded with the contributions of this thesis (highlighted with blue 

borders). Methods and applications not used or not presented in this thesis are shaded in grey. 

 

 

Fig. 2ɀ1 State of the art of (combined) CBBs for monitoring structural changes of cells at the 
beginning of this thesis. 
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It was the aim of this thesis to improve and develop real-time sensor devices that can be used to monitor 

assays with living cells label-free and non-invasively on the basis of the quartz crystal microbalance 

(QCM) technology. One focus thereby was set on the development of a multi-spot QCM sensor (MQCM), 

which should be designed, characterized, and optimized. The MQCM should be finally applied for 

investigating the mechanical properties of mammalian cells and their changes by analysis of the QCM 

impedance of cell-covered quartz resonators. Thus, the QCM should be established as a method that 

enables the continuous monitoring of cytomechanics under physiological conditions, with a high time 

resolution, manageable technical expenses, and a moderate throughput in cell-based screenings. This 

should be evaluated in various 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 a novel hyphenated (QCM-ECIS) sensor combining piezoelectric and 

electrochemical transduction in one experimental setup. This should enable the label-free readout of cell 

morphology changes as well as cell-cell and cell-substrate interactions by means of ECIS in parallel to the 

viscoelastic profiling of cells by QCM recordings. The dual sensor platform should be developed using 

thin film technology and standard photolithography. An optimal electrode layout of the QCM-ECIS 

sensors should be evaluated, by means of microscopic investigations and analysis of the impedance 

characteristics of both QCM- and ECIS-mode readouts. Once a system suitable for cell-based biosensing 

applications is identified, the sensing performances of the individual transducer principles of the dual 

sensor should be evaluated on the basis of various cell adhesion and cell stimulation assays and, as a key 

issue, the added value of the hyphenated approach should be identified and discussed with respect to 

the separate sensor setups and readings.  

 

 

Fig. 2ɀ2 State of the art of (combined) CBBs for monitoring structural and metabolic changes 
of cells at the end of this thesis. 
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In a third project the QCM should be combined with luminescence-based OCS in order to provide another 

class of sensor combinations (QCM-OCS) for the purposes of multi-parametric CBB. A first QCM-OCS 

combination aimed on the experimental determination of temperature increases on the QCM surface, 

which are expected if the resonator is operated at elevated driving voltages and oscillation amplitudes, 

respectively. Two-dimensional OCS thereby should be implemented by means of a temperature-

sensitive paint (TSP) and fluorescence lifetime imaging (FLIM). In another approach, an oxygen-sensitive 

sensor film should be developed which at the same time should serve as the growth substrate for 

mammalian cells. The cytocompatibility of the pressure-sensitive paint (PSP) used for this purpose 

should be investigated by means of QCM measurements and a PSP-coated substrate compatible for cell 

layer establishment should be realized. Finally, proof-of-concept studies should demonstrate the 

capability of the chemosensitive transducer for label-free and time-resolved sensing and imaging the 

oxygen consumption rate (OCR) of a cell layer upon stimulation. This should provide the basis for the 

substrate-embedded screening of further analytes, such as for instance H+ or glucose, in cell-based 

assays by means of OCS.  
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3.1 Cell Culture 

For cell studies in this work the adherent epithelial cell line MDCK-II (Madin Darby Canine Kidney, 

strain II), and the adherent epithelial-like cell line NRK (Normal Rat Kidney, strain 52E) were used. Both 

cell lines were obtained from the Leibniz Institute DSMZ - German Collection of Microorganisms and Cell 

Cultures (Braunschweig, Germany). They grow on cell culture substrates as monolayers of cobblestone-

like morphology. 

3.1.1 Cell Culture Conditions 

The cell lines were routinely incubated in tissue culture medium in 25 cm2 or 12.5 cm2 cell culture flasks, 

which were placed in a humidified incubator with a temperature of 37 °C and an atmosphere that was 

aerated with 5 % CO2. A medium volume of 4 mL for 25 cm2 flasks (2 mL for 12.5 cm2 flasks) was 

adequate for completely covering the adherent cells on the bottom of the flask, providing nutrient supply 

for a few days. Cells were fed every two to three days or the day before an experiment, by exchanging 

the degraded culture medium for nutrient-rich medium from the stock solution. MDCK-II and 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 listed below in Tab. 3ɀ1. 

Tab. 3ɀ1 Composition for MDCK-II and NRK tissue culture medium. The basic medium 
contained different amounts of NaHCO3 and D-glucose, and were supplemented with fetal calf 
serum, penicillin/ streptomycin, and L-glutamin. 

 MDCK-II medium NRK medium 

Basic medium Minimum Essential Medium Eagle 
(MEM)1 

$ÕÌÂÅÃÃÏȭÓ -ÏÄÉÆÉÅÄ %ÁÇÌÅȭÓ -ÅÄÉÕÍ 
(DMEM)1 

NaHCO3 2.2 g/ L 3.7 g/ L 

D-glucose 1 g/ L 4.5 g/ L 

+ Fetal calf serum (FCS)1 5 % (v/v) 5 % (v/v) 

+ Penicillin1 100 µg/ mL 100 µg/ mL 

+ Streptomycin1 100 µg/ mL 100 µg/ mL 

+ L-glutamin1 4 mM 2 mM 

1 Sigma-Aldrich; St. Louis, MO, USA 
 

#ÅÌÌ ÃÕÌÔÕÒÅ ×ÏÒË ×ÁÓ ÐÅÒÆÏÒÍÅÄ ÕÎÄÅÒ ÓÔÅÒÉÌÅ ÃÏÎÄÉÔÉÏÎÓ ÉÎ Á ÌÁÍÉÎÁÒ ÆÌÏ× Ȱ(%2!ÓÁÆÅ +3Ⱦ+30 ÃÌÁÓÓ )) 

ÂÉÏÌÏÇÉÃÁÌ ÓÁÆÅÔÙ ÃÁÂÉÎÅÔȱ ɉ4ÈÅÒÍÏ &ÉÓÈÅÒ 3ÃÉentific; Waltham, MA, USA). Aseptic conditions in the 

laminar flow were ensured by spray- and wipe-disinfection of the bench, and all materials and equipment 

brought into the laminar flow, with 70 % (v/v) ethanol in deionized water. Sterility of solutions was 

achieved by either autoclaving at 120 °C for 20 min (Systec DX-45; Wettenberg, Germany) or by sterile 

filtration (pore diameter: 0.2 µm), unless it was delivered already sterile by the manufacturer. Cell culture 

equipment was autoclaved likewise before usage, 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 

MDCK-II and NRK cells were cultured on the bottom of 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 down and finally stop proliferation. For maintaining an 

active cell cycle and a continued proliferation rate, the cells were sub-cultured on the verge of reaching 

contact inhibition, by seeding a fraction of the cells in new flasks. The seeding densities were adjusted 

for a sub-cultivation of cells once a week. 

Sub-cultivation was performed according to a standard cell culture protocol. The divalent cations, Ca2+ 

and Mg2+, are essential for the formation of cell-cell and cell-substrate contacts. They are, among other 

factors, responsible for the adherence of the cells to the extracellular matrix deposited on 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 layer was washed 

twice with phosphate buffered saline (PBSϾϾ, without Ca2+ and Mg2+). The depletion of cations was 

maximized by subsequently incubating the cell layer with a solution of 1 mM EDTA 

(ethylenediaminetetraacetic acid) in PBSϾϾ for 5 ɀ 10 min at 37 °C. The chelating agent possesses a very 

high binding affinity towards divalent cations. Rounding up of the cells indicated the loss of cell-cell and 

cell-substrate contacts, and consequently a sufficient period of EDTA incubation. Afterwards, the cell 

layer was incubated with a solution of 0.25 % (w/v) Trypsin/ 1 mM EDTA in PBSϾϾ (for 5 ɀ 10 min at 37 °C), 

for a complete detachment of the cells from the flask surface. The trypsinization process was stopped by 

adding a 10-fold excess volume of the respective culture medium to the flask. Then the suspended cells 

were centrifuged at 110 Ὣ. After removal of the supernatant, the spun down cell pellet was re-suspended 

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

3.1.3 Cell Storage 

The cell lines were deep-frozen in a cryogenic tank in order to store the cell line for a longer period. For 

this, a confluent cell layer on a flask was treated the same way as for sub-cultivation. After centrifugation, 

the cell pellet was re-suspended in a special freezing-medium, consisting of normal calf serum and 10 % 

(v/v) DMSO (dimethylsulfoxide). DMSO is a non-crystalizing alternative to a pure water-based medium. 

The latter would form ice crystals when freezing, which could damage the cell membrane and finally lead 

to cell death. The re-suspended cell suspensions were filled in cryovials and, in a first cooling step, slowly 

cooled down to Ͼ80 °C for 24 h. A slow and constant cooling rate of 1 °C/ min was achieved by placing 

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

and were immersed in liquid nitrogen in a cryogenic tank (Ͼ196 °C), for long-time storage of the cells. 

Thawing of the cryogenically conserved cells and bringing them back into culture had to be performed 

gently. In a first step, the cryovial with the deep-frozen cell suspension was transferred from the 

cryogenic tank into a freezer, where it was stored for about 1 h at Ͼ20 °C. Then, the vial was warmed to 

37 °C in a water bath. Since the high concentration of DMSO in the thawed cryoprotective solution is 

cytotoxic, it has to be diluted and removed from the cell suspension, respectively. Firstly, the cell 

suspension was transferred into a centrifugation tube, and 10 mL of pre-warmed culture medium were 

added drop-wise. A careful but quick addition was necessary in order to minimize the osmotic stress for 

the cells. Afterwards, the cell suspension was centrifuged at 110 Ὣ, the DMSO containing medium was 

removed, and the cell pellet was re-suspended in fresh culture medium. The cells were then cultivated by 

seeding into flasks with a sub-confluent cell density. Subsequent treatment of the cells was carried out 
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in accordance with the sub-cultivation procedure, mentioned above. Thawed cells were not used for 

experiments before at least one sub-cultivation. 

3.1.4 Cell Preparation for Experiments 

By default, cells were fed with fresh culture medium the day before they were seeded on a substrate 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 removing them from the culture flask, according to the standard 

protocol of sub-cultivation. In order to ensure aseptic conditions for cell experiments, the growth 

substrates were sterilized by treatment with argon plasma for 1 min, unless the manufacturer delivered 

the substrate sterile. For purposes of comparability of experiments, the cells were seeded on the 

substrates with a defined cell number per unit area. Therefore, the number of cells after re-suspension of 

the cell pellet was counted (using a Bürker Hemacytometer from Marienfeld Superior, Lauda-

Königshofen, 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 of 450 000 cells/ cm2 was 

defined for both MDCK-II 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 cells.[215] This means that the cells form a confluent monolayer after cell adhesion and 

spreading, without the need for proliferation. The cell layer possessed fully established cell-cell and cell-

substrate contacts about 12 h after seeding. Cell experiments on a confluent monolayer were usually 

performed 24 h after seeding to confluence. Tab. 3ɀ2 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 450 000 cells/ cm2. 

Tab. 3ɀ2 Volumes and concentrations of the cell suspensions (MDCK-II and NRK) for 
maintaining a consistent cell number of 450 000 cells/ cm2 on different kinds of substrates with 
different growth areas. 

Growth substrate Growth area/ 
cm2 

Cell number  
(for 450 000 cells/ cm2) 

Volume/  
mL 

Cell concentration/ 
cells/ mL  

QCM/ QCM-ECIS disks  1.13 508 500  1.5 339 000 

8-well ECIS array  0.75 337 500  0.4 843 750 

Petridish (small)  9.04 4 068 000  3 1 356 000 

12-well culture plate  3.66 1 647 000  3 549 000 
 

3.2 Impedance Spectroscopy 

Impedance spectroscopy (IS) is a measurement principle that delivers information on the electrical 

impedance (complex electrical resistance) of a system under test as a function of frequency. By 

definition, the electrical resistance is the hindrance of electrical current flow in a system, when a certain 

voltage is applied. Both transducer devices applied in this study, quartz crystal microbalance (QCM; 

section 3.3), and Electric Cell-Substrate Impedance Sensing (ECIS; section 3.4), are based on measuring 
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the impedance of the system as a function of frequency. In QCM, one obtains with the electrical 

impedance a quantity that is directly proportional to the acoustic impedance of the quartz oscillation (via 

electromechanical coupling), whereas ECIS provides the passive, electrical impedance of cells covering 

the electrodes. The following sections firstly focus on the mathematical description of the complex 

impedance. Afterwards, the impedance properties, 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 The Complex Impedance  

When applying a DC voltage (current) to an electrically closed system, the relation between resistance Ὑ, 

voltage Ὗ and electrical current Ὅ ÉÓ ÇÉÖÅÎ ÂÙ ÔÈÅ /ÈÍȭÓ ÌÁ×ȡ 

Ὑ Ὗ
Ὅ (1) 

However, in IS the input signal is not a time-invariant DC but a sinusoidal AC voltage (current), which is 

varied in a wide frequency range. In IS small amplitudes of the input signal are used. Thus, IS can be used 

for non-invasive and non-destructive examinations of (biological) samples. The AC voltage όὸ is a 

function of time and frequency (which is indicated by small symbols) and can be mathematically 

expressed in the trigonometric form: 

όὸ όϽίὭὲ‫ὸ (2) 

Hence, the voltage όὸ at a certain time point is characterized by an amplitude ό and a phase (Fig. 3ɀ1), 

which is expressed by the variable angle ‫ὸ and where ‫ ς“Ὢ is the angular frequency and Ὢ the AC 

frequency of the excitation signal.  

 

 

Fig. 3ɀ1 Sinusoidal voltage όὸ and corresponding current Ὥὸ for an arbitrary system under 
test. The voltage (current) is characterized by amplitude ό (Ƕ and phase •  (•). When there is 
ÏÎÌÙ Á ÐÕÒÅ /ÈÍȭÓ ÒÅÓÉÓÔÏÒ ÉÎ ÔÈÅ ÅÌÅÃÔÒÉÃ ÃÉÒÃÕÉÔȟ όὸ and Ὥὸ have the same phase (• •
• π). The frequency dependent devices capacitor and inductor, however, cause phase shifts of 
the current with respect to the voltage of • “ςϳ  and • “ςϳ , respectively. 

The voltage can also be expressed as a complex quantity (indicated by underlined symbols): 

ό‫ὸ όϽὧέί‫ὸ ÊϽίὭὲ‫ὸ 

όϽὩÊ‫ὸ (3) 

 

 

Ὥὸ 

όὸ • όȟ Ὥ 

ὸ 
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where the time and frequency dependent voltage is expressed as combination of a real and an imaginary 

part (with the imaginary unit Ê). The resulting current has a sinusoidal form of the same frequency as the 

exciting voltage (Fig. 3ɀ1) and can be mathematically expressed in the form: 

Ὥὸ ǶϽίὭὲ‫ὸ (4) 

or as complex current: 

Ὥ‫ὸ ǶϽὧέί‫ὸ ÊϽίὭὲ‫ὸ

ǶϽὩÊ‫ὸ (5) 

The complex impedance ὤ ÏÆ ÁÎ !# ÃÉÒÃÕÉÔ ÃÁÎ ÂÅ ÃÁÌÃÕÌÁÔÅÄȟ ÁÃÃÏÒÄÉÎÇ ÔÏ /ÈÍȭÓ ÌÁ× ÆÏÒ $# ÃÉÒÃÕÉÔÓȟ ÂÙ 

the ratio of the complex voltage, Eq. (3), and the complex current, Eq. (5): 

ὤ
ό‫ὸ

Ὥ‫ὸ

ό

Ƕ
ϽὩÊ• •

ȿὤȿϽὩÊ•

ȿὤȿϽὧέί• ÊϽίὭὲ•  (6) 

in which the complex impedance ὤ is fully characterized by its magnitude ȿὤȿ and phase •, which 

represents the phase shift between voltage and current (• • •). In so-called Bode-plots, ȿὤȿ and 

• are displayed as functions of frequency. As a complex quantity, the impedance can also be described 

by the sum of its real part 2Åὤ and imaginary part )Íὤ: 

ὤ 2Åὤ Ê )Íὤ 

ȿὤȿὧέί• Ê ȿὤȿίὭὲ•

Ὑ Ê ὢ (7) 

All frequency independent resistivities in the electrical circuit are merged to the real part 2Åὤ of the 

impedance. As tÈÅ ÒÅÁÌ ÐÁÒÔ ÂÅÈÁÖÅÓ ÁÓ ÁÎ /ÈÍȭÓ ÒÅÓÉÓÔÏÒ ÉÔ ÉÓ ÃÁÌÌÅÄ /ÈÍȭÓ ÒÅÓÉÓÔÁÎÃÅȟ ÅÆÆÅÃÔÉÖÅ 

resistance or just resistance Ὑ. The real part mirrors energy losses within the system. The imaginary part 

of the impedance is expressed by the reactance ὢ and contains capacitive 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 (besides the Bode-plots ȿὤȿὪ and •Ὢ) also in 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 part (Fig. 3ɀ2).The vector length corresponds 

to the magnitude ȿὤȿ and the angle with the (real) x-axis of the vector is the phase • of the impedance. 

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

ȿὤȿ 2Åὤ )Íὤ Ὑ ὢ  (8) 

• ÁÒÃÔÁÎ
)Íὤ

2Åὤ
ÁÒÃÔÁÎ 

ὢ

Ὑ
 (9) 
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Fig. 3ɀ2 Geometric representation of the impedance ὤ in the complex plane with the x-axis as 
real part 2Åὤ and the y-axis as imaginary part )Íὤ. The impedance can be fully described 

either by the Cartesian coordinates, resistance Ὑ and reactance ὢ, or in polar coordinates by the 
vector length impedance magnitude ȿὤȿ and the angle • representing the phase shift. Both ways 
of representation can be converted into each other by equations (7), (8), and (9). 

3.2.2 Impedance Elements in Equivalent Circuits 

The current flow in an AC circuit and thus the complex impedance is determined by the three basic 

ÐÁÓÓÉÖÅ ÃÉÒÃÕÉÔ ÅÌÅÍÅÎÔÓȡ /ÈÍȭÓ ÒÅÓÉÓÔÏÒÓȟ ÃÁÐÁÃÉÔÏÒÓ ÁÎÄ ÉÎÄÕÃÔÏÒÓȢ )Î ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÄÉÓÃÕÓÓÉÏÎȟ ÁÎ ÉÄÅÁÌ 

electric behavior of these devices is assumed for all 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 interpreting much more complex electrical systems with 

combined elements (cf. 3.2.3 Equivalent Circuit Models).[277ɀ279] 

Resistor 

An electrical circuit consisting ÏÆ Á ÐÕÒÅȟ ÉÄÅÁÌ ɉ/ÈÍȭÓɊ ÒÅÓÉÓÔÏÒ ÉÓ ÆÒÅÅ ÏÆ ÁÎÙ ÃÁÐÁÃÉÔÉÖÅ ÏÒ ÉÎÄÕÃÔÉÖÅ 

influences. Thus, the impedance is resistive and has no imaginary component at all AC frequencies. 

Applied to equations (6) and (7), this leads to the impedance ὤ  of an ideal resistor: 

ὤ 2Åὤ Ê π
ό

Ƕ
Ὑ (10) 

with the corresponding phase shift angle •ȡ 

ὤ ὙϽὩÊ• Ὑ  O   • • • π (11) 

Equation (10) ÒÅÆÌÅÃÔÓ ÔÈÅ /ÈÍȭÓ ÌÁ× ÆÏÒ $# ÃÉÒÃÕÉÔÓ ɉ%ÑȢ (1)) transferred to AC circuits. The complex 

impedance ὤ  is given by the resistance Ὑ, and is calculated by the ratio of voltage and current 

magnitude. Since an ideal resistor has only a real contribution, there is no reactance part and 

consequently voltage and current are not phase shifted. Typical Nyquist and Bode diagrams in Tab. 3ɀ

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

circuit. 

Capacitor 

4ÈÅ ÃÁÐÁÃÉÔÏÒ ÉÓ ÁÎÏÔÈÅÒ ÐÁÓÓÉÖÅ ÅÌÅÍÅÎÔ ÉÎ ÁÎ !# ÃÉÒÃÕÉÔȢ )Î ÃÏÎÔÒÁÓÔ ÔÏ ÔÈÅ ÏÈÍȭÓ ÌÁ× ÆÏÒ ÒÅÓÉÓÔÏÒÓȟ ÉÎ 

which the current is directly proportional to the applied voltage ((1) and (10)), for capacitors the current 

is proportional to the voltage change over time: 

Ê )Íὤ 

2Åὤ 

ὤ 
ὢ 

Ὑ 
π 
π 

• 

ȿὤȿ 
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Ὥ ὅϽ
Ὠό

Ὠὸ
ὅϽόϽÊ(12) ‫ 

After conversion we obtain for the impedance ὤ of a capacitor: 

ὤ
ό

Ὥ

ρ

Ê‫ὅ
ÊϽ
ρ

‫ὅ
 (13) 

The phase • of the capacitive current is 90 ° ahead of the voltage: 

• • • “
ς (14) 

Ideal capacitors possess only an imaginary component, without any resistance contribution to the 

impedance. In the complex plane, the impedance vector of an ideal capacitor is a straight line along the 

negative reactance-axis. ὤ decreases with increasing frequency and capacitance values. Typical Nyquist 

and Bode plots are shown in Tab. 3ɀ3 B. 

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 biological systems. However, it is needed to describe the 

piezoelectric properties of an oscillating system with electric equivalents (cf. 3.3 The 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: 

ό ὒϽ
ὨὭ

Ὠὸ
ὒϽὭϽÊ(15) ‫ 

After conversion, the inductive impedance ὤ is given by: 

ὤ
ό

Ὥ
ÊϽ‫ὒ (16) 

The phase • of the inductive current is lagging behind 90 ° with respect to the voltage: 

• • • “
ς (17) 

The impedance of ideal inductors is represented as a straight line along the positive reactance-axis in the 

Gaussian plane (Tab. 3ɀ3 C). The inductive impedance is directly proportional to the frequency and 

increases likewise. 

Constant Phase Element (CPE) 

In contrast to the previously mentioned equivalent circuit elements (resistor, capacitor, and inductor) the 

CPE is a non-ideal and empiric circuit element. Non-ideal circuit elements are often required for modeling 

the impedance characteristics of real systems. Such non-ideal behavior may be due to dielectric 

inhomogeneity or roughness of the electrodes.[278] The CPE aims to describe the electrical properties of 

double layers 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. 3ɀ3 Impedance properties are shown for the basic AC equivalent circuit elements, (A) 
resistor, (B) capacitor, and (C) inductor. Typical impedance spectra (Bode diagrams) and Nyquist 
plots are shown for equivalent circuits with either (A) one resistor (Ὑ = 10 kOhm), or (B) one 
capacitor (ὅ = 100 nF), or (C) one inductor (ὒ = 0.05 H) as single circuit element. In Nyquist 
diagrams the increasing frequency .is indicated by an arrow. Frequency range: 100 ɀ 106 Hz ‫  

 Equivalent circuit Bode diagram Nyquist diagram 
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where ὃ and ὲ 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: 

• ὲϽ“ς (19) 

Two extreme cases can be considered for the electrical property of the CPE. In the first extreme case of 

ὲ = 0 the CPE describes an ideal resistor (with  ρὃϳ Ὑ), and in the second extreme case of ὲ = 1 the CPE 

R 

C 

L 
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represents an ideal capacitor (with  ὃ = ὅ). For any value of ὲ = ]0,1[ the CPE exhibits mixed electrical 

properties of a resistor and a capacitor with dominating capacitance for ὲ > 0.5 and dominating 

resistance for ὲ < 0.5.[278,279]  

3.2.3 Equivalent Circuit Models 

The basic idea of IS studies on biological systems is to get electric information that can be translated, 

with an appropriate model, into specific 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 contribution within the system under test 

as an electric element in the equivalent circuit. Once an adequate equivalent circuit is created, the 

theoretical impedance of the circuit (integrating the impedance contributions of all individual impedance 

elements) can be expressed mathematically with a transfer function. The experimental impedance data 

is then fitted with the transfer function in order to obtain the parameters of all single circuit elements. 

The electrical properties of such an element are then correlated with specific physical properties of a 

structural component of the observed system.[279] 

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 that characterizes the 

electrical or piezoelectrical properties of a sample in all details. Therefore, individual simplified 

equivalent circuits have to be designed that are adapted to the information one wants to extract. For 

instance, a very simple electrical model for the complex electrode-electrolyte interface is the 

combination of a resistor and a capacitor in series, whereas the impedance of a (not less complex) cell 

membrane can be modelled by the same two circuit elements, however, connected in parallel.[280] The 

impact of a few basic, simple combinations of circuit elements (one (two) resistor(s) connected with a 

capacitor in various ways) on the impedance spectra and on the resistance and reactance values of the 

entire electrical circuit are described below. 

R-C Circuit  

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 reactive behavior is linked to the capacitor. The impedance of a resistor in series with 

a capacitor is given by ὤ Ὑ ÊϽρ‫ὅϳ . The impedance and phase spectra of a typical Ὑ-ὅ circuit 

is shown in Tab. 3ɀ4 A. The impedance  is predominated by the capacitance in the low-frequency region, 

which is reflected in a negative slope and a phase angle of Ͼ90 °, respectively in the Bode plot. Whereas 

at high frequencies (> 1 kHz) the resistance dominates the impedance signal, with a frequency 

independent magnitude, parallel to the x-axis, and a phase shift of 0 °. In the corresponding Nyquist 

diagram in Tab. 3ɀ4 A the impedance of the Ὑ-ὅ circuit is displayed in the complex plane, by frequency 

independent real part (Ὑ ) and a frequency dependent imaginary (reactance) part (ÊϽρ‫ὅϳ ). The 

impedance locus in this case is a straight line parallel to the imaginary axis. The distance of this line from 

the origin and the y-axis, respectively, represents the value of the resistance Ὑ. The influence of the 

reactance (capacitance) on the impedance decreases with increasing frequency and thus contributes ,‫ 

less to the entire impedance signal (indicated with an arrow in the Nyquist diagram). 
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Tab. 3ɀ4 Equivalent circuits and typical impedance spectra are displayed for the combination 
of a resistor and a capacitor in series (A) and in parallel (B), as well as for a parallel circuit of a 
capacitor and a resistor in series with a second resistor (C). For each circuit typical Bode and 
Nyquist plots are shown. In Nyquist diagrams the increasing frequency is indicated with an ‫ 
arrow. Note: the imaginary axis is plotted negatively. Frequency range: 100 ɀ 106 Hz; 
Ὑ = 10 kOhm, Ὑ = 100 Ohm, ὅ = 100 nF.  
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R C Circuit  

The second possible combination of a resistor and a capacitor is the parallel connection of both (Tab. 3ɀ

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

a completely different frequency dependence compared to the Ὑ-ὅ series circuit. The mathematical 

expression for the impedance ὤ ᷆  is given by ὤ ᷆ ρὙ Ê‫ὅϳ . Typical Bode and Nyquist 

diagrams are shown in Tab. 3ɀ4 B. In Ὑὅ circuits the resistance dominates the impedance at lower 

frequency values, whereas the capacitance does at higher frequencies. In the respective Nyquist plot in 

Tab. 3ɀ4 B it can be seen that the impedance of a Ὑὅ circuit has a semi-circle locus in the complex plane. 

R1 C 
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R-(R C) Circuit  

For the description of complexer systems, equivalent circuits with more than two electrical circuit 

elements are usually necessary. For instance, using the previous examples again, the description of a cell 

membrane in close contact to an electrode in an electrolytic solution requires the combination of the 

previously separately considered systems and equivalent circuits, respectively.  

One possible circuit with three elements is the parallel combination of a resistor Ὑ and a capacitor ὅ, 

which is connected in series with a second resistor Ὑ (Tab. 3ɀ4 C). With respect to the aforementioned 

exemplary test systems, this circuit could be used as a simple model for describing the electrical situation 

of a cell membrane in contact with an electrolyte. The impedance of a Ὑ -(Ὑ ὅ) circuit is given by 

ὤ ᷆ Ὑ ρὙ Ê‫ὅϳ . In contrast to the Ὑ-ὅ or Ὑὅ circuit, the impedance in an Ὑ-(Ὑ ὅ) 

circuit converges at low as well as at elevated frequency levels, according to: 

 ‫  O0: ὤᴼὙ Ὑ 

•  O0 ° 

 ‫ᴼЊȡ ὤᴼὙ 

•  O0 ° 

 

This is illustrated in the Bode diagram of a test system in Tab. 3ɀ4 C. The impedance magnitude at the 

low frequency region is determined by Ὑ Ὑ , whereas it is dominated by Ὑ at the upper end of the  

frequency window. The Nyquist representation of the Ὑ -(Ὑ ὅ) circuit impedance is similar to the 

Nyquist plot of the RC circuit in Tab. 3ɀ4 B. However, there is an additional fixed real (resistance) 

contribution, originating from the second resistor (Ὑ) in series to the parallel Ὑ ὅ circuit. This causes 

the impedance not to become purely imaginary at 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 under-represents the 

impedance data, since magnitude 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, ȿὤȿὪ and •Ὢ, or two-dimensional diagrams with two y-axes, the entire impedance information 

can also be merged in a 3-D Bode plot, with perpendicular axes of frequency (x-axis), impedance 

magnitude (y-axis), and impedance phase (z-axis). This provides an impedance spectrum in the three-

dimensional space that comprises any impedance information. A projection of the 3-D curve to the ȿὤȿ-

Ὢ (•-Ὢ) plane provides the corresponding, two-dimensional representation of ȿὤȿὪ (•Ὢ), equal to the 

individual two-dimensional plot. Additionally, one gets in the third projection plane the frequency 

independent correlation between impedance magnitude ȿὤȿ and phase •. For instance, the impedance 

properties of the Ὑ-(Ὑ ὅ) circuit in Tab. 3ɀ4 C are illustrated as a 3-D Bode plot in Fig. 3ɀ3 A. The 2-D 

Bode plots, ȿὤȿὪ and •Ὢ, equal to those in Tab. 3ɀ4 C, are represented in the respective projection 

planes. As additional information, the third projection plane provides the dependence of ȿὤȿ and •. 

A Nyquist plot shows the imaginary part as a function of the real part with orthogonal x- and y-axes. 

However, the frequency dependence of both, real and the imaginary part, is not directly visible in such 

diagrams. In order to make this frequency information accessible in a Nyquist plot, a third (frequency) 

axes can be plotted perpendicular to the complex plane of imaginary and real part.[277] For resolution 

purposes, the frequency is plotted on a logarithmic scale. This results in a xyz or three-dimensional plot, 

which uncovers the full frequency dependence of real and imaginary parts. Moreover, it visualizes the 

frequency independent relationship between both quantities. Fig. 3ɀ3 B displays a 3-D Nyquist diagram 

of the Ὑ-(Ὑ ὅ) circuit shown in Tab. 3ɀ4 C, in the frequency range from 100 ɀ 106 Hz. The impedance of 
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the circuit is illustrated in 3-D perspective as a function of excitation frequency (x-axis), resistance (y-

axis), and reactance (z-axis). The projection of the 3-D curve in Fig. 3ɀ3 B in the complex 2Åὤ-)Íὤ 

plane provides the same semi-circle as shown in the 2-D real-imaginary plot (Nyquist diagram) in Tab. 3ɀ

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 3-D curve in the )Íὤ-Ὢ plane and 2Åὤ-Ὢ plane, respectively.  
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Fig. 3ɀ3 (A) 3-D Bode plot and (B) 3-D Nyquist plot of the complex impedance of a Ὑ-(Ὑ ὅ) 
circuit. The complex impedance is plotted as a function of frequency (Ὢ), impedance magnitude 
(ȿὤȿ), and phase shift (•) in A and as a function of real part (2Åὤ), negative imaginary part 

(Ͼj )Íὤ), and frequency (Ὢ) in B. All axes are perpendicular to each other. Frequency range: 
100 ɀ 106 Hz; Ὑ = 10 kOhm, Ὑ = 100 Ohm, ὅ = 100 nF. 

3.3 The Quartz Crystal Microbalance (QCM) 

The Quartz Crystal Microbalance (QCM) is a mass sensitive device which makes use of propagating 

acoustic waves in a solid material. Acoustic waves are low energy waves and occur between 10Ͼ2 and 

109 Hz in the electromagnetic spectra, adjacent to the microwaves in the upper frequency range (see 

Fig. 3ɀ4). Acoustic waves can have different origins. However, their utilization for sensing applications 

requires a frequency-stable and continuous acoustic wave source, and moreover a sensitive 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 piezoelectric 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 medium in contact tothe 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 sensor plate, 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 kind of elastic wave, they can be 

roughly categorized into the three types: bulk-acoustic-wave (BAW) sensors1, surface-acoustic-wave 

                                                                  
1 bulk waves occur in a boundary-free medium 

R2 

R1 
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(SAW) resonators2 , and plate-acoustic-wave resonators3 , like flexural-plate-wave (FPW) or shear-

horizontal-acoustic-plate-mode (SH-APM) resonators.[196] This big variety is also reflected by the large 

frequency range along which acoustic resonators are used for biosensing applications. The working range 

covers six orders of magnitude, from 1 kHz to 1 GHz (Fig. 3ɀ4).[281] 

 

 

Fig. 3ɀ4 The frequency range of acoustic resonators in the electromagnetic spectra. The 
region of radio waves covers about ten orders of magnitude. The relevant region for biosensing 
by means of acoustic waves range from 1 kHz to 1 GHz. Ὢ = frequency, ‗ = wavelength, 
MW = microwave, IR = infrared, vis = visible light, UV = ultraviolet radiation.[196,281] 

The most important and most commonly used piezoelectric material is ɻ-quartz, as it exhibits very high 

temperature stability. Other materials that show piezoelectricity are lithium niobate, lithium tantalate, 

zinc oxide or aluminum nitride.[197,200,201] For QCM applications, thin and round AT-cut disks from an ɻ-

quartz crystal are used. They exhibit a very high frequency stability, with a temperature coefficient 

around zero between 0 °C and 50 °C (cf. Supplementary Information SI 1, p. 262).[282] AT-cut terms the 

cutting angle of 35.25 ° relative to the z-axis (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 characterized by transverse (shear) waves in the piezoelectric material that propagate perpendicular 

to the plate surfaces. The vibration in the solid continues at the solid surfaces and decays in the 

surrounding medium. Mechanical changes at the sensor interphase influence the oscillation of the quartz 

and thus can be detected by recording and analyzing the parameters of the resonant oscillation. 

The following sections will focus on the basic principle of piezoelectricity in AT-cut quartz disks, its 

primary application for micro-weighing, and on how impedance spectroscopy in combination with 

electromechanical equivalent circuits could extend the QCM into a biosensor for cytomechanics. 

3.3.1 Basic Principles of the QCM Technique 

Piezoelectricity of TSM Resonators 

As previously mentioned, the piezoelectricity of AT-cut 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 charges on the surface of a crystal by 

unidirectional, mechanical deformation. The basic requirement of a material or crystal for exhibiting 

                                                                  
2 surface waves occur along a single plane boundary (= semi-infinite solid) 
3 plate 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 non-centrosymmetric, and 20 of them show piezoelectric behavior.[283] 

 

 

Fig. 3ɀ5 (A) #ÒÙÓÔÁÌ ÓÔÒÕÃÔÕÒÅ ÏÆ ÁÎ ɻ-quartz with indicated AT-cut plane (35.25 ° with respect 
to the optical axis). (B) Oxygen linked SiO4 tetrahedrons form the crystal structure of the quartz; 
a hexagonal structural unit - composed of three silicon and three oxygen atoms from three linked 
tetrahedrons Ȥ is 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 surface. (D) Transversal piezoelectric effect: a mechanical stress along the y-
axis causes transversal electric displacement (along the x-axis) and the formation of charges on 
the quartz surface. Illustrations were redrawn, according to [284,285]. 

The piezoelectric effect can be explained by the orientation of charged atoms within the crystal lattice. 

Fig. 3ɀ5 A shows a drawing of a quartz single crystal with hexagonal structure. Three different kinds of 

axes characterize the symmetry of the crystal: one z-axis (optical axis), which is vertical to the hexagonal 

plane, three y-axes (electrical axes) running through the edges of the hexagon, and three x-axes 

(mechanical axes) running through the hexagon vertices. The three x-axes are polar axes, whereas the y-

axes and the z-axis are non-polar. This becomes evident when zooming into the atomic structure of the 

SiO2 lattice. Fig. 3ɀ5 B shows a simplified structure cut-out of the ɻ-quartz crystal. Each silicon atom is 

connected with four oxygen atoms, whereas the oxygen atoms form the vertices 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 connected SiO4 tetrahedrons form a hexagonal structure 

consisting of three silicon and three oxygen atoms (highlighted in Fig. 3ɀ5 B). This hexagon is a recurrent 

structure element in the quartz and is suitable for displaying the distributi0n of charges within the crystal. 

A simplified two-dimensional hexagon of silicon and oxygen in natural orientation is illustrated in Fig. 3ɀ

5 C. The center of positive (Si4+) and negative (O2Ͼ) charges coincide in the spatial center of the hexagon, 

which leads to a crystal with zero net charge.  

When applying a mechanical stress in y-axis direction of the atomic structure, this causes a transversal 

displacement of the centers of (positive and negative) charges in x-axis direction (Fig. 3ɀ6 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 effect. In contrast, 

a mechanical stress applied in x-axis direction causes a unidirectional displacement of atoms and charges 

in x-axis, which is referred to as longitudinal piezoelectric effect (SI 2, p. 262). Thus, a piezoelectric 

material can be termed as an electromechanical coupler, as it is capable of transforming mechanical 

energy into electrical, and vice versa. 

optical axis 

electrical axis 

z 

y 

AT-cut (35.25 °) 

   mechanical axis x 

A B C D 
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In QCM technology, the so-called converse (transversal) piezoelectric effect is applied. By plating two 

circular gold electrodes in the center of either side of the AT-cut quartz disk, the resonator can be 

electrically addressed (Fig. 3ɀ6 A). Applying a constant electrical field on the quartz surfaces causes a 

transversal displacement of charges that induces a mechanical strain within the crystal (Fig. 3ɀ6 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 travel - vertical to the surfaces - through the material in opposite directions 

(Fig. 3ɀ6 C). At the electrode 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 electrode (ὶ = 0) and vanishes almost to zero at 

the edges of the electrode (ὶ = ὶ ) (Fig. 3ɀ6 C). Hence, the center of the quartz is the most sensitive 

region of the surface for changes of the oscillation, and thus in QCM readings. At standard driving 

voltages of 0.15 V for 5 MHz AT-cut quartz resonators, the maximal shear amplitude is < 1 nm in the 

center of the quartz surface. Thus, considering the average cell diameter of roughly 10 µm, the QCM is 

an essentially non-invasive sensing technique for investigating whole cells. 

 

A B C 

  
 

Fig. 3ɀ6 (A) Drawing of a typical AT-cut quartz disk with evaporated, disk-shaped gold film 
electrodes on either side; the dipoles are in the natural orientation, without electrical charging of 
the quartz surface. (B) Converse transversal piezoelectric effect: a static external field causes a 
perpendicular displacement of charges, and thus a mechanical strain. (C) Applying an alternating 
voltage on the quartz surfaces causes a mechanical shear oscillation that travels, perpendicular to 
the surface, as an acoustic wave through the quartz; the oscillation amplitude has its maximum in 
the center of the electrodes with radius ὶ. Graphics were redrawn, according to [286]. 

TSM Resonators as Microbalances - Sauerbrey Relationship and Limitations  

Each piezoelectric element has characteristic eigenfrequencies, at which the opposing acoustic waves 

show positive interference and exhibit a standing acoustic wave within the crystal. This resonance 

condition is fulfilled, when an integer multiple ὲ of the wavelength ‗ of the acoustic wave is twice the 

thickness Ὠ  of the quartz disk (Eq. (20)). At those resonance conditions the shear vibration shows 

minimal oscillation impedance. 

ὲ‗ ςὨȟ     ×ÉÔÈ ὲ ρȟσȟυȟȣ (20) 

In this case, the disk thickness defines the wavelength of the fundamental (ὲ ρ) and the harmonic (ὲ

σȟυȟχȣ) resonances. The factor ὲ must be an odd number, because only then the boundary conditions 

are met for opposing displacement on the quartz surfaces. The fundamental resonance condition (‗ςϳ

► ►▄■ 

 ֻ
▀▲ 

► ►▄■ 0 ►▄■ 
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Ὠ) is shown in Fig. 3ɀ6 C, where half of the wavelength corresponds to the thickness of the disk. The 

fundamental resonance frequency Ὢ is related to the quartz thickness by the speed of sound and can be 

calculated according to: 

Ὢ
ὺ

‗

ὺ

ςὨ

ὧ •ϳ

ςὨ

ὑ

Ὠ
 

(21) 

with ὺ is the speed of sound (3322 m·sϾ1) and ὧ  ÉÓ ÔÈÅ ȰÐÉÅÚÏÅÌÅÃÔÒÉÃÁÌÌÙ ÓÔÉÆÆÅÎÅÄȱ ÓÈÅÁÒ ÍÏÄÕÌÕÓ 

(2.947 ·1011 g·cmϾ1·sϾ2) in an AT-cut quartz crystal, and •  is the density of quartz (2.648 g·cmϾ3). ὑ  is a 

frequency constant (the electromechanical coupling constant) of AT-cut quartzes and is defined as the 

half of the propagation velocity of the acoustic wave in a TSM quartz resonators, and is 1665 m·sϾ1.[204,287ɀ

289] The quartz disks used in this work have a fundamental mode of 5 MHz, which corresponds to a plate 

thickness of 330 µm.  

If the quartz thickness is increased by an additional layer of mass that features quartz-like behavior 

(similar ὑ  value), the resonance frequency is decreased according to equation (21) (cf. SI 3, p. 262). 

Sauerbrey described the mathematical relationship between the additional mass Ўά of an adsorbed 

layer and the resulting resonance frequency shift ɝὪὪ
π

ϳ  of the resonator: 

ῳὪ

Ὢ

ῳὨ

Ὠ

ῳά

Ὠ ϽὃϽ•
 (22) 

Expressing Ὠ  Eq. (22) by the relation in Eq. (21), and solving for the resonance frequency shift ЎὪ, one 

then obtains the Sauerbrey relation: 

ῳὪ
ςὪ

ὧ Ͻ• Ͻὃ

ϽЎά ὛϽ
Ўά

ὃ
 

(23) 

with ὃ as the vibrating area on the quartz surface (i.e. approx. the electrode area), and ὛὪ as the integral 

mass sensitivity and Sauerbrey constant, respectively.[282] For 5 MHz AT-cut quartz disks, a theoretical 

integral mass sensitivity of ὛὪ = 0.0057 Hz cm2 ngϾ1 was calculated. According to equation (23), the 

integral mass sensitivity ὛὪ is a function of the square of the fundamental resonance frequency. Hence, 

the mass sensitivity of the QCM can be increased by using quartzes with a higher fundamental resonance 

frequency. According to equation (21), an increase in Ὢ
π
, however, goes along with a decrease in the 

quartz thickness. This loss in mechanical stability limits the applicability of resonators with very high 

fundamental frequencies. 5 MHz quartzes, which were used in this thesis, are a good compromise with 

respect to sensitivity and mechanical stability. 

)Î ÐÒÉÎÃÉÐÌÅȟ 3ÁÕÅÒÂÒÅÙȭÓ ÒÅÌÁÔÉÏÎÓÈÉÐ ɉ%ÑȢ (23)), is only valid for the adsorption of a quartz-like layer. Thin 

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 of any material influences the 

eigenfrequency - within the limits of the boundary conditions - equal 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 validity range 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 layer that is not ideally rigid shows deformation and a non-synchronous 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 deposition of mass 

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

This effect cannot be described by the Sauerbrey relation anymore. In order to derive physical 

information of the load material by QCM frequency 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/ or the mechanical properties of the load material. Kanazawa and Gordon, for 

example, developed a model in 1985 that describes the effect of Newtonian liquids in contact with one 

face of a resonator on resonance frequency shifts. Their 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 

SI 4, p. 263). The frequency shift is a function of the viscosity –
ὰ
, and the density ”

ὰ
 of the liquid loading, 

according to: 

ῳὪ
Ὢ

“Ͻὧ Ͻ•

Ͻ–Ͻ” (24) 

This model also describes the exponential decay of the mechanical displacement amplitude in 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 length ‏ is 

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

‏
–

“ϽὪϽ”
 (25) 

Applying this model to a 5 MHz piezoelectric quartz resonator in water at 20 °C, the decay length of the 

acoustic wave into the liquid is calculated to about 0.25 µm.[290,291] A historical overview of empirical and 

physical models for different loading conditions is given by Thompson.[204] 

Although there are many different models explaining resonance frequency shifts in response to specific 

load materials, they mostly focus on only one or few parameters of the observed system. The Kanazawa-

Gordon 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 in Ὢ (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 more complex systems, such as found in real biosensor 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 the resonance 

frequency) of the quartz disk. Impedance spectroscopy of the oscillation provides more information 

about the observed system. This information is obtained as electrical impedance, which is connected 

with the acoustic (mechanical) impedance of the resonating system, due to the electro-mechanical 

coupling within the piezoelectric material. Hence, by developing appropriate electro-mechanical 

models, impedance spectroscopy is the method of choice to extract mechanical parameters of complex 

load materials.[206,292] 



3.3 The Quartz Crystal Microbalance (QCM) 37 

The following section will at first address the basic relationships between acoustic and electric properties 

of piezoelectric resonators. Subsequently, an appropriate electrical equivalent circuit for the QCM will be 

discussed. Finally, the impact of different loading conditions on the electrical parameters of the model 

will be discussed. 

3.3.2 Electro-acoustic Modeling and Impedance Analysis of TSM 

Resonators 

TSM oscillators are piezoelectric devices that are used as electro-mechanical transducers in QCM 

sensors. In such electro-mechanical devices mechanical energy is converted into electrical energy (direct 

piezoelectric effect) or vice versa (converse piezoelectric effect). Once an appropriate mechanical model 

for the resonator is developed, each mechanical element in the model can be expressed by an electrical 

analogue and consequently the mechanical oscillation by an electrical equivalent circuit. The model of 

the resonator is supplemented by any mechanical contribution originating from a particular loading on 

the resonator. 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 spectrum with an appropriate model 

(impedance analysis), all electrical contributions, and therefore the associated mechanical properties of 

the loading are accessible. 

Electro-mechanical Model for an Unperturbed Resonator 

A simple mechanical model for the resonance of a QCM is a damped oscillatory motion (Fig. 3ɀ7 A). It 

consists of a mass  ά  in combination with a dash-pot (with a friction coefficient ὶ), in parallel with a 

spring (with Ὧ ÁÓ (ÏÏËÅȭÓ ÃÏÎÓÔÁÎÔɊȢ 4ÈÅ ÍÁÓÓ ÉÓ ÄÉÓÐÌÁÃÅÄ ÂÙ an external force Ὂ and brought to 

oscillation with a certain kinetic energy. This is related to the displacement of particles in the QCM, by 

applying an electrical field on the AT-cut quartz crystal. Storage of energy in the system during oscillation 

is represented by the spring, and the damping resistor represents energy loss. With respect to a quartz 

disk, oscillation energy is stored due to the elastic properties of the quartz crystal lattice. Energy 

dissipation appears in QCM resonators due to internal friction, losses in the electrodes, damping in the 

mounting, and acoustic losses at the surface between the crystal and the surrounding medium.  

 

A B 

  

Fig. 3ɀ7 (A) Mechanical model of a quartz oscillation, and (B) the electrical BVD equivalent 
circuit of the quartz oscillation, in which every circuit element represents a mechanical 
analogue.[293] 
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For the model of a mechanically oscillating system, consisting of a mass, a dash-pot, and a spring (Fig. 3ɀ

7 A), the equation of motion is given by the balance of forces: 

Ὂ άϽ
Ὠὼ

Ὠὸ
ὶϽ
Ὠὼ

Ὠὸ
ὯϽὼ (26) 

where Ὂ is the applied force, and ὼ is the resulting particle displacement. This mechanical model can be 

represented by an electrical equivalent circuit, consisting of an inductor ὒή, a capacitor ὅή, and a resistor 

Ὑή in series (series branch in Fig. 3ɀ7 B). The equation for the electrical oscillation of the LCR tank circuit 

is given by: 

Ὗ ὒϽ
Ὠή

Ὠὸ
Ὑ Ͻ
Ὠή

Ὠὸ

ρ

ὅ
Ͻή (27) 

where Ὗ is the driving voltage and ή the amount of charge.  

By comparing Eq. (26) and Eq. (27), one can easily see the isomorphic structure of the mechanical and 

the electrical model. The applied AC voltage Ὗ and the generation of charges ή in the series branch is 

equivalent to the external force Ὂ and the resulting displacement ὼ in the mechanical model. In the 

electrical circuit, the inductance ὒ represents the oscillating mass ά (inertia) in the mechanical model. 

In addition, the capacitance ὅ  is (inversely) related to the spring constant Ὧ and thus stands for 

mechanical elasticity. The resistance Ὑ  is linked with the friction factor ὶ and represents mechanical 

losses of the oscillation. The mechanical and the electrical oscillation equations are connected via the 

electro-mechanical coupling coefficient ‖ (Ὂ ‖Ὗ).[294] Thus, the mechanical properties of the motion 

are accessible by analyzing the electrical parameters of the equivalent network.[293,294] A complete 

electrical equivalent circuit for a quartz resonator is obtained by complementing the LCR tank circuit with 

a capacitance ὅπ in parallel (Fig. 3ɀ7 B). It takes into account the sum of the static capacitance ὅὛ of the 

dielectric quartz plate between the two surface electrodes, and the parasitic stray capacitance ὅὖ. 

Parasitic capacitances originate from the experimental setup and include wiring, crystal mounting and 

contacting contributions. The entire network (Fig. 3ɀ7 B), of the LCR series resonance circuit (motional 

branch) and the parallel capacitance (dielectric branch), is also termed Butterworth-van-Dyke (BVD) 

equivalent circuit.[295] In the BVD circuit, the parallel capacitance dominates the electrical circuit far from 

the resonance frequency. However, in the resonance frequency range the LCR series branch, i.e. the 

piezoelectric properties of the quartz, dominates the oscillation impedance.  

The equations for calculating the values of the particular 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 electrical circuit 

elements ὒή, ὅή, Ὑή, and ὅπ of an AT-cut quartz at the fundamental resonance are: 

ὒ  
Ὠ”

ψὃὩ
 (28) 

ὅ  
ψὃὩ

Ὠ“ὧ
 (29) 
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Ὑ  
Ὠὶ

ψὃὩ
 (30) 

ὅ  
‐ ὃ

Ὠ
 (31) 

where Ὠή denotes the quartz thickness, ”
ή

 the density of the quartz, ὃ the electrode area, Ὡςφ the 

piezoelectric stress constant, ὧφφ ÔÈÅ ȰÐÉÅÚÏÅÌÅÃÔÒÉÃÁÌÌÙ ÓÔÉÆÆÅÎÅÄȱ ÓÈÅÁÒ ÍÏÄÕÌÕÓȟ ὶ the damping 

constant (Ὠὶ –“  with – as effective quartz viscosity), and ‐ςς the dielectric constant of the quartz 

material.[197,293,295,296] 

Impedance Analysis of the BVD Model 

The BVD circuit parameters are obtained by carrying out impedance spectroscopy measurements of the 

shear oscillation and subsequent fitting the model to the raw data. A general introduction in impedance 

analysis is given in section 3.2 Impedance Spectroscopy (p. 22 ff.). There, the contribution of individual 

electrical circuit elements to 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 subsection 3.2.3 (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 resonators a narrow range around the fundamental resonance frequency. 

The output signals of the measurements are the magnitude of the complex impedance ȿὤȿ (the ratio of 

voltage and current amplitudes), and the phase angle shift • between voltage and current. Regarding 

the BVD circuit, the impedance of the resonator consists of the impedance of the motional branch ὤ  

(with ὒή, ὅή and Ὑή in series) and the parallel impedance ὤ , i.e. the stray capacitance ὅπ (cf. Fig. 3ɀ7 B). 

For parallel arrangements of circuit elements, as in the BVD model, it is convenient to use the inverse of 

the complex impedance, which is the complex admittance ὣ. Accounting for tÈÅ +ÉÒÃÈÈÏÆÆȭÓ ÌÁ× ÆÏÒ 

electrical circuits, the complex admittance ὣ of the BVD model is expressed as [204,294]: 

ὣ
ρ

ὤ

ρ

ὤ

ρ

ὤ

ρ

Ὑ Ê‫ὒ
ρ
Ê‫ὅ

Ê‫ὅ 
(32) 

As the admittance is a complex number of the form ὣ Ὃ Êὄ, equation (32) can be separated into its 

real part (conductance Ὃ) and imaginary part (susceptance ὄ), with the expressions [204,294]: 
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Ὑ

Ὑ ‫ὒ
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(33) 
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Inversion of equation (32) delivers the complex impedance ὤ of the BVD circuit as 
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ὤ
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Ὑ Ê‫ὒ
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Ê‫ὅ
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ὅ
ὅ

 (35) 

The respective complex impedance real part (resistance Ὑ) and imaginary part (reactance ὢ) are 

connected with conductance Ὃ (Eq. (33)) and susceptance ὄ (Eq. (34)) by the following relations: 

Ὑ
Ὃ

Ὃ ὄ
 (36) 

ὢ
ὄ

Ὃ ὄ
 (37) 

Besides complex numbers, the complex impedance can also be fully described by its magnitude ȿὤȿ and 

phase •, according to Eqs. (8) (ȿὤȿ ЍὙ ὢ ) and (9) (• ÁÒÃÔÁÎὢὙϳ  ).  

The impedance of the oscillation near resonance is 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 properties of the oscillation. A characteristic Bode diagram of an 

unperturbed resonator with a fundamental frequency of 5 MHz is shown in Fig. 3ɀ8 A. Damping of the 

motional oscillation can be considered negligible, with an energy loss of Ὑ= 10 Ohm. 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 (Ὢ) and antiresonant (Ὢ) frequency. There, the imaginary part of the impedance and 

the phase are zero. At the lower resonant frequency Ὢ the motional branch exhibits resonance, i.e. the 

inductance ὒ  and the capacitance ὅ  are resonant. In this case, the impedance magnitude shows a 

minimum (solid line in Fig. 3ɀ8 A). For frequencies Ὢ Ὢ, the motional branch possesses inductive 

properties, which is reflected by a phase shift to +90 °. This net inductance is in resonance with the 

parallel capacitance ὅ at the antiresonant frequency Ὢ, where the total reactance of the BVD-circuit is 

zero and where the impedance magnitude has its maximum. Below Ὢ  and above Ὢ the parallel 

capacitance ὅ is dominating the entire BVD impedance, which can be seen by a phase shift (dashed line 

in Fig. 3ɀ8 A) of Ͼ90 °. 

However, if damping effects are taken into account (e.g. Ὑ = 103 Ohm), four different resonant 

frequencies can be specified (Fig. 3ɀ8 C). With increasing damping the maximal 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 of zero phase at parallel resonance. Hence, the resonant frequency Ὢ divides into the 

frequency of minimal impedance Ὢȿȿ  and the series resonant frequency Ὢ, at which the reactance, i.e. 

the impedance phase, of the motional branch in the BVD circuit is zero. The antiresonant frequency Ὢ 

separates likewise into the frequency of maximal impedance Ὢȿȿ  and the parallel resonant frequency 

Ὢ at the high frequency region (Fig. 3ɀ8 C). The frequencies Ὢȿȿ  and Ὢ, as well as Ὢȿȿ  and Ὢ, 

diverge with increasing damping values of Ὑ , as indicated in Fig. 3ɀ8 B.  

The presentation of the complex impedance of a BVD circuit in the Gaussian (complex) plane shows a 

circular shape (Fig. 3ɀ8 D). The frequency with the shortest impedance vector represents Ὢȿȿ , whereas 

the frequency with the longest impedance vector is Ὢȿȿ . The circle exhibits two points with a phase 

angle of zero (where the circle crosses the real axis), the respective frequencies are Ὢ at lower 

frequencies and Ὢ at elevated frequency values. Tab. 3ɀ5 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 shape (Fig. 3ɀ8 A) by variations in the BVD circuit 

parameters ὒ, ὅ, Ὑ , and ὅ was described and discinto ussed by Yang and Thompson.[296] 

 

  

  

Fig. 3ɀ8 (A) Bode diagram of a BVD equivalent circuit for a 5 MHz quartz resonator with 
negligible energy losses of the oscillation (Ὑ ᴼπ), with the impedance magnitude ȿὤȿ (solid line) 

and the phase shift • (dashed line) as a function of frequency Ὢ near resonance. At the resonant 
(Ὢ) and the antiresonant (Ὢ) frequency there is a zero-crossing of •, and ȿὤȿ is minimal (@Ὢ) or 
maximal (@Ὢ), respectively. (B) Increasing damping (Ὑ ) of the oscillation causes separation of 

the resonant frequency Ὢ (antiresonant frequency Ὢ) into frequency of minimal impedance 
Ὢȿȿ  (frequency of maximal impedance Ὢȿȿ ) and series resonant frequency Ὢ (parallel 

resonant frequency Ὢ). (C) Bode plot and (D) Nyquist plot of BVD equivalent circuit for a damped 

5 MHz quartz resonator (Ὑ π). According to A, Ὢ is separated into Ὢȿȿ  and Ὢ, and Ὢ into 

Ὢȿȿ  and Ὢ, respectively, with increased values of Ὑ . The impedance has a circular shape in the 

complex plane (Nyquist plot). The characteristic frequencies are indicated with arrows. 
Ὑ  = 10 Ohm (A), Ὑ  = 1 kOhm (C), ὒ = 46.7 ·10Ͼ3 H, ὅ = 2.1655 ·10Ͼ14 F, ὅ = 7 ·10Ͼ12 F. 

The impedance spectra of an undamped and a damped BVD oscillator, as they are shown in Fig. 3ɀ8, are 

illustrated in 3-D representations in SI 5 (p. 263), by 3-D Bode plots (ȿὤȿ vs. • vs. Ὢ) and 3-D Nyquist plots 

(2Åὤ vs. ÊϽ)Íὤ vs Ὢ). 
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Tab. 3ɀ5 Impedance parameters for an AT-cut quartz resonator expressed by the electrical 
elements of the BVD equivalent circuit.[197,296]  

Parameter Expression  Parameter Expression  
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Impact of Different Loadings on the Resonator 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 electro-mechanical coupling of piezoelectric 

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 AT-cut quartz disk are given in equations (28) ɀ (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 the characteristic impedance parameters of the oscillation. The perturbation 

by the surface loading can be treated as an additional motional impedance contribution ὤ  in series to 

the motional impedance ὤ  of the blank unperturbed resonator.[197,297] In the BVD circuit, this is 

considered by an additional impedance element in series to the motional branch, as it is illustrated in 

Fig. 3ɀ9.  

 

 

Fig. 3ɀ9 A perturbation of a resonator by a surface loading can be considered in the BVD 
equivalent circuit by an additional motional impedance ὤ , in series to the motional branch 
impedance of an unperturbed resonator, ὤ . 

Thus, the motional impedance ὤ  of a perturbed quartz oscillation is given by: 
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ὤ  ὤ  ὤ  (46) 

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

ὣ
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ὤ

ρ

ὤ  ὤ

ρ

ὤ
 (47) 

By determining the circuit parameters of an unperturbed quartz prior to a loading, it is possible to 

calculate the impedance that arises from 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 properties (and their changes) of 

the quartz loading, by impedance analysis of an QCM measurement. According to Bandey (1999) [297], 

the additional motional impedance of a perturbed resonator can be approximated by: 

ὤ
ὲ“

τὑ‫ὅ

ὤ

ὤ
‪
ὤ

ὤ
Ὑ Êὢ (48) 

where ὑ is the electromechanical coupling factor for quartz, ‫  is the angular series resonant frequency 

(‫ ς“Ὢ), ὤ is the surface mechanical impedance, and ὤ  is the quartz characteristic impedance 

(ὤ ”‘, where ” is the quartz density and ‘ is the quartz shear stiffness). Ὑ and ὢ represent 

the real and imaginary parts of the motional impedance of the surface load. Expressions of ὤ, Ὑ, and 

ὢ for three basic loading conditions (ideal mass layer, Newtonian liquid (semi-infinite), and semi-infinite 

viscoelastic layer) are summarized in Tab. 3ɀ6.[197,297] 

Rigid Mass 

An ideal mass layer (rigid and sufficiently thin) as surface loading on the resonator fulfills the Sauerbrey 

requirements. The additional mass layer synchronously oscillates with the resonator. Hence, an ideal 

mass loading causes no energy losses of the oscillation (Ὑ = 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 impedance ὤ of a rigid mass is a function of frequency and density ” of the 

solid layer, and thus is purely inductive (ὤ Êὢ Ê‫ὒ; Tab. 3ɀ6 A). Consequently,  ” influences the 

series and parallel resonant frequencies, whereas it does not contribute to the magnitude of impedance 

minimum and maximum (cf. Tab. 3ɀ5). This is in agreement with the Sauerbrey equation (Eq. (23)) 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 dissipation (Ὑ) and energy 

storage (ὒ) 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 semi-infinite thickness (film thickness >> 

decay length of the acoustic wave), the motional impedance of the loading can be expressed by equal 

reactance and resistance parts (Tab. 3ɀ6 B). The surface mechanical impedance ὤ is a function of the 

density-viscosity product of the liquid. Hence, any characteristic impedance parameter (Ὢȿȿ , ȿὤȿ , 

Ὢ,  Ὢȿȿ , ȿὤȿ , Ὢ, and • ) is altered, with respect to the unperturbed quartz (cf. Tab. 3ɀ5). 
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Semi-infinite Viscoelastic Body 

The impedance contribution of a viscoelastic surface load (of semi-infinite dimensions) to the entire 

oscillation impedance can be described by its complex shear modulus Ὃ (Tab. 3ɀ6 C).[197,297] For instance, 

viscoelastic damping occurs, when cells are seeded on the quartz resonator. A cell layer exhibits viscous 

properties, which are mainly due to the cytoplasm and the viscosity of the interfacial layer between cells 

and quartz surface. On the other hand, the lipid membranes and the cytoskeleton network add elastic 

properties to the cells. Aside from the complex mechanical properties of individual cells, consisting of the 

mechanical contributions of all cellular components, also mechanical attributes arising from next higher 

organizational structures of individual cells, i.e. 2-D monolayers or 3-D clusters, contribute to the total 

mechanical characteristics of cells. Hence, there is not yet a suitable mechanical model available for 

cells.[297,298] 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 mechanical 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 whole-cell biosensor for detecting 

mechanical cell responses towards specific physical, chemical, or biochemical external and internal 

stimuli. 

Tab. 3ɀ6 Three basic loading conditions on a TSM resonator: (A) Rigid mass, (B) Newtonian 
liquid, and (C) Semi-infinite viscoelastic layer and their respective BVD equivalent circuit 
extensions. Expressions for the surface mechanical impedance ὤ , the resistance (Ὑ ), and 
reactance (ὢ) of the complex motional impedance of the load (ὤ ) are listed. Thereby, ” is the 

density of the solid layer, ” is the density and – the viscosity of the liquid loading, ” is the 
density of the viscoelastic film, and Ὃ is the complex shear modulus of the viscoelastic layer (Ὃ

Ὃ ÊὋ  and ȿὋȿ Ὃ Ὃ , where Ὃ  is the storage modulus and Ὃ  is the loss 
modulus).[197,297] 
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3.3.3 Experimental 

Quartz Resonator Layout 

In this work, quartz resonators with different electrode layouts were used. The classical 1-Electrode 

quartz (1ElQ) layout with a circular gold film electrode evaporated on both sides of the quartz disk is 

shown in Fig. 3ɀ10 A. On the basis of this classical layout, a novel electrode layout with two circular gold 

film electrodes on both quartz surfaces (2ElQ) has been developed in this work (Fig. 3ɀ10 B). The 2ElQ 

layout is used for QCM readings with two sensor spots and, after further modifications, for combined 

QCM-ECIS measurements. The sensor layout and the implementation of QCM-ECIS measurements with 

the 2ElQs is described below in section 3.4.4 (p. 56 ff.). The 5 MHz AT-cut quartz resonators were 

purchased from KVG Quartz Crystal Technology GmbH (Neckarbischofsheim, Germany). The disks had 

a diameter of 14 mm and were produced with either one circular gold film electrode (Ø = 6 mm; Fig. 3ɀ

10 A) or with two electrodes (Ø = 3.5 mm; Fig. 3ɀ10 B) on either side, and with electrical supply lines from 

the disk edge to the electrodes in the center.  

 

A B 

  

Fig. 3ɀ10 Different electrode layouts were established on 5 MHz AT-cut quartz disks 
(Ὠ = 330 µm). On the resonators either one (A; 1ElQ) or two (B; 2ElQ) 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 three-step standard cleaning protocol. Firstly, it 

was treated with a 5 % (v/vɊ ȰÅÌÍÁ ÃÌÅÁÎ ΧΦȱ ÓÏÌÕÔÉÏÎ ɉ%ÌÍÁ (ÁÎÓ 3ÃÈÍÉÄÂÁÕÅÒ 'ÍÂ( Ǫ #Ï +'Ƞ 3ÉÎÇÅÎȟ 

Germany) in an ultrasonic bath at 70 °C for 30 min. Afterwards, the resonator was washed 3 ɀ 5 times 

with deionized water and subsequently sonicated in deionized water at 70 °C for 30 min. 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 incubator for Ḑ 1 h at 50 °C. The 

cleaned quartzes were stored under dry and dust-free 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 process. This connection 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 night at RT or for 1 h at 50 °C. Thereby, the conductivity and consequently the oscillation 

excitation of the resonator could be preserved. 

14 mm 

6 mm 
3.5 mm 
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Spin Coating and Photolithography on Quartz Disks 

Structuring of the electrodes on a 2ElQ sensor (Fig. 3ɀ10 B) was necessary, in order to systematically load 

one surface electrode of a 2ElQs sensor with a rigid mass layer and to realize and optimize ECIS-mode 

measurements on 2ElQ substrates (cf. section 3.4.4, p. 56 ff.). This was achieved by spin a coating 

photopolymer (PhoP) on one side of the resonator and subsequently removing defined areas of 

photoresist by means of photolithography. 

Coating was performed using a self-made spin coater (Dr. F. Höhn; Institute of Biochemistry, University 

of Münster, Germany). Prior to coating, the cleaned quartz substrates were sequentially washed with 

acetone and isopropyl alcohol, in order to remove organic impurities as well as dust from the surface. The 

substrates were subsequently heated to 120 °C for 30 min, to remove solvents residues and any surface 

water. Spin coating and photolithography of the photoresist were performed step-wise according to the 

schematic illustration in Fig. 3ɀ11.  

 

Fig. 3ɀ11 Schematic illustration of the spin coating and photolithography processes on a 2ElQ 
substrate. Firstly, the substrate was pre-coated with an adhesion promoter (A), (B), followed by 
its thermal activation (C).Then, a positive photoresist was spin coated at defined rotational speed 
(D), (E). After a short soft-baking period (F), the photoresist was illuminated with UV light through 
a specific mask (G). At irradiated areas the photoresist was destabilized, which was subsequently 
removed/ developed by a sodium hydroxide solution (H). After rinsing with deionized water, the 
photoresist structure is stabilized in a final hard-bake (I). 

)Î Á ÆÉÒÓÔ ÓÐÉÎ ÃÏÁÔÉÎÇ ÐÒÏÃÅÓÓȟ Ȱ4) 0ÒÉÍÅȱ ɉ-ÉÃÒÏÃÈÅÍÉÃÁÌÓȠ 5ÌÍȟ 'ÅÒÍÁÎÙɊ ×ÁÓ ÁÐÐÌÉÅÄȟ ×ÈÉÃh served as 

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 of 3000 rpm. 20 s of spin coating were sufficient for obtaining a 

uniformly thin layer of the adhesion promoter. The substrate was placed in the oven at 130 °C for 10 min, 

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

into a more hydrophobic surface, which then promoted a much more uniform spreading and adhesion of 
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ÔÈÅ ÓÐÉÎ ÃÏÁÔÅÄ ÈÙÄÒÏÐÈÏÂÉÃ 0ÈÏ0Ȣ 4ÈÅ 0ÈÏÔÏÒÅÓÉÓÔ Ȱ!:Ή %#) ΩΦΨέȱ ɉ-ÉÃÒÏÃÈÅÍÉÃÁÌÓȠ 5ÌÍȟ 'ÅÒÍÁÎÙɊ 

was spin coated at a defined velocity and with a spinning duration of 1 min. The applied rotation speed 

was adjusted to values between 2000 rpm and 4000 rpm, depended on the required thickness of the film. 

Standard structuring of the 2ElQ surfaces was performed at a spin velocity of 3000 rpm. After applying 

the photoresist, the substrate was placed in the oven for soft baking at 100 °C for 30 min. The coated 

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

ÍÁÓËÓ ×ÅÒÅ ÄÒÁ×Î ×ÉÔÈ Ȱ#ÏÒÅÌ$2!7Ή 'ÒÁÐÈÉÃÓ 3ÕÉÔÅ 8άȱ ÓÏÆÔ×ÁÒÅ ɉ#ÏÒÅÌ #ÏÒÐÏÒÁÔÉÏÎȠ /ÔÔÁ×Áȟ /ÎÔÁÒÉÏȟ 

Canada) and ink-jet printed on a transparent slide in black at maximum saturation (masks are shown in 

Fig. 3ɀ12). 

 

A 
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Fig. 3ɀ12 Photolithography masks (scale of 2:1) for structuring 2ElQs with a positive 
photoresist. Illuminated 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 2ElQ. Rectangular structures at the borders of the mask (indicated 
with an arrow) helped for an exact and reproducible positioning. (B) ɀ (G) Photolithography masks 
to establish different working electrode layouts on quartz resonators for ECIS mode 
measurements. Hole diameters were adjusted to (B) 250 µm, (C) 500 µm, (D) 1 mm, (E) 2 mm, 
(F) 10x 250 µm, and (G) 10x 500 µm. (H) Exemplary, final PhoP structure (orange) on a 2ElQ, after 
spin coating and subsequent photolithography by applying mask C. 

As the applied photopolymer was a positive photoresist, the opaque masks represented the remaining 

photopolymer structure on the substrate after the photolithography process. The UV-illuminated 

photopolymer was destabilized and removed by rinsing the substrate with NaOH solution (7 g/ L in 

deionized H2O) for 20 ɀ 30 s. After that, the substrates with the final photopolymer structure were rinsed 

twice with deionized water, for completely removing the base with the dissolved photopolymer. In a final 

hard bake, the substrate was tempered at 118 °C for 2 h, in order to achieve maximal thermal, physical, 

and chemical stability of the coating. 

Quartz disks with photopolymer 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 was immersed in serum-free medium (SFM) for at least 20 h. This was 

done in order to uncouple equilibration effects from the cell signals in the course of an experiment. 
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Hardware ɀ Measurement Chamber 

For QCM experiments, the quartz disk was mounted between two components of the home-made Teflon 

measurement chamber, as illustrated on the right hand side of Fig. 3ɀ13. The lower component 

comprises two/ four gold-pated spring contacts to make contact to the impedance analyzer with the 

1ElQ/ 2ElQ resonator from the lower side. An illustration of the modified chamber to contact 2ElQs for 

QCM-ECIS measurements is shown in Fig. 3ɀ18 (p. 58). The second Teflon element was a cylindrical 

chamber that was mounted from the top on the resonator and which served as reservoir for QCM 

measurements under liquid. O-rings were sandwiched between the quartz disk and each Teflon 

component (Fig. 3ɀ13). These served for a tensionless fixture of the resonator 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 area of Ḑ 1.13 cm2. 

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 liquid from the chamber, since 

continuous changes in liquid height cause periodical interference in the measured QCM signal by 

longitudinal waves that are reflected at the liquid-air interface.[299] Moreover, the sealing with a stamp 

ensured sterility to a certain extent within the reservoir. However, the stamp had 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 chamber was placed into an 

incubator with temperature (37 °C) and CO2 control (5 % (v/v) in air) (Revco, Thermo Fisher Scientific; 

Waltham, MA, USA) to meet cell culture conditions. Cables for contacting the quartz were led from inside 

the incubator through the rubber seal of the incubator door to the outside and were connected to a 

computer-ÃÏÎÔÒÏÌÌÅÄ ȰΧΨάΦ! )ÍÐÅÄÁÎÃÅȾ 'ÁÉÎ-ÐÈÁÓÅ !ÎÁÌÙÚÅÒȱ ɉ3ÏÌÁÒÔÒÏÎ !ÎÁÌÙÔÉÃÁÌȠ &ÁÒÎÂÏÒÏÕÇÈȟ 5+ɊȢ 

The IA featured an operating frequency range from 10 µHz to 32 MHz, with a frequency resolution of 

0.015 ppm, 0.1 % magnitude and 0.1 degree accuracy, and 0.001 dB and 0.01 degree resolution.[300] 

 

 

Fig. 3ɀ13 Experimental setup for measuring the oscillation impedance ὤ1#- of a conventional 

1ElQ. The quartz disk is mounted in a home-made 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 incubator for cell experiments (37 °C, 5 % CO2), with the 
wiring brought to the outside to connect it with the IA and the PC. 
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Software - QCM Measurements 

4ÈÅ ÉÍÐÅÄÁÎÃÅ ÁÎÁÌÙÚÅÒ ×ÁÓ ÃÏÎÔÒÏÌÌÅÄ ÂÙ Á ,ÁÂ6)%7 ÂÁÓÅÄ ÓÏÆÔ×ÁÒÅ ɉ.ÁÔÉÏÎÁÌ )ÎÓÔÒÕÍÅÎÔÓΊȠ !ÕÓÔÉÎȟ 

Texas, USA), programmed by J. Wegener (Institute of Analytical Chemistry, Chemo- and Biosensors, 

University of Regensburg, Germany). A sinusoidal voltage of 150 mV was applied to the electrodes on 

the quartz surfaces and the resulting complex impedance (phase and magnitude) was measured by the 

IA. The data was read-out and stored by a personal computer. This was done for 150 ɀ 200 equidistant 

frequencies near the fundamental resonance. For the standard range of 4.97 ɀ 5.04 MHz, this means a 

frequency resolution of 466 ɀ 300 Hz. Impedance spectroscopic scanning of the oscillation was 

performed in time-resolved manner. The scanned frequency range and the number of frequencies within 

this range were adjusted for each experiment to meet time- or frequency-resolution of the spectra as 

required.  

Experimental Implementation  

Before all QCM experiments, an impedance spectrum of the mounted quartz in air was recorded and 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 the entire acoustic impedance. 

Prior to cell experiments the 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 plasma in a plasma cleaner (Harrick Plasma; Ithaca, New York, USA) for 1 min 

and at highest energy level. Immediately after plasma sterilization, the measurement chamber was 

sealed with the stamp and covered with aluminum foil, in order to avoid contamination. The cell 

suspension was added to the QCM chamber in the laminar flow under sterile conditions. Afterwards, the 

measurement chamber was placed in an incubator (37 °C, 5 % (v/v) CO2), the electrodes were contacted 

to the IA, and the QCM recording was started. Experimental variations and the details of cellular 

experiments  are described in the results sections. 

Data Processing 

The characteristic oscillation parameters Ὢȿȿ  and ȿὤȿ  were extracted by fitting the impedance 

spectra with a spline function in the resonance region. ȿὤȿ  was plotted as function of time since it 

represents the QCM key parameter for detecting and monitoring viscoelastic changes at the sensor 

surface. The time courses were presented normalized to a certain reference data point pf the experiment. 

On the one hand, this facilitated to average measurements with different initial values and, on the other 

hand, this also enabled the graphic comparison of time courses obtained from different experiments. 

Potential differences in the extent or/ and in the kinetics of ȿὤȿ  changes were visualized in this way.  

Experiments were usually repeated several times in order to generate data packages for the purpose of 

averaging. This served as basis to resolve and discriminate random signal fluctuations and distinct signal 

changes of the monitored cell population and, thus, to confidently identify significant and reproducible 

viscoelastic effects related to the cell layer. 
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Sensor Regeneration 

Quartz disks were typically reused several times for experiments. The quartz disks were regenerated by 

multiple cleaning steps in order to re-establish a pure sensor surfaces and, thus, to ensure consistently 

good oscillation properties. At first, any organic adsorption on the quartz disk was oxidized by washing 

it in a 3:1 mixture of conc. H2SO4 and 30 % (v/v) H2O2 for about 30 min. After several washing steps with 

deionized water, the resonator was further cleaned before re-usage, according to the procedures 

described above in subsection Quartz Cleaning (p. 45). 

3.4 Electric Cell-Substrate Impedance Sensing 

(ECIS) 

Electric Cell-Substrate Impedance Sensing (ECIS) is a non-invasive and label-free measurement 

technique that was presented by Giaever and Kees in 1984. As ȰÍÏÒÐÈÏÌÏÇÉÃÁÌ ÂÉÏÓÅÎÓÏÒ ÆÏÒ ÍÁÍÍÁÌÉÁÎ 

ÃÅÌÌÓȱ [87] this technique has been widely used in a variety of cell-based applications and has been further 

developed in the past 30 years.[88,89,301,302] It has been successfully applied as very sensitive technique to 

monitor barrier functionality changes of cell layers towards different kinds of stimuli. ECIS is already a 

well-established means for the fast and sensitive testing of cytotoxic effects as well, which is due to its 

sensitivity for cell morphological changes.[4,17,109ɀ111,113ɀ117,303ɀ305] Moreover, the ECIS principle has proven 

to be a usefull tool for monitoring cellular motility, referred to as micromotion, by time-resolved readings 

of impedance fluctuations.[96,97,264,306] Besides theses various applications of cellular sensing, the ECIS 

electrodes have also been utilized as actuators for the directed manipulation of cell layers by electrical 

fields. This can be basically categorized into the non-destructive and reversible short-term 

permeabilization and the irreversible damaging and wounding of the cells sitting on the ECIS working 

electrode(s), depending on the chosen values of the electric pulse parameters, frequency, duration, and 

magnitude. By applying the principle mentioned first, a short-term opening of the cell mambranes 

enabled the diffusion-driven transfer of molecules and xenobiotics that actually are cell-impermeant 

directly into the cytoplasm. The cell response towards the pulse itself or to the introduction of substances 

were then monitored by ECIS.[7,119,120] 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 generated, well-defined wound allowed for various wound healing assays that were 

monitored by ECIS.[7,99,303,307ɀ313] Further developments of ECIS aimed for combining it with other label-

free sensor techniques like SPR (surface plasmon resonance) or QCM.[11,22,236,267,274] The following sections 

will address the ECIS principle and the impedance properties of cell-covered electrodes. Finally, the 

integration of ECIS-like measurements in the QCM setup provided simultaneous sensing of both 

viscoelastic and electrical properties of adherent cells in one experimental setup. 

3.4.1 Basic Principles of the ECIS Technique 

Like QCM, ECIS is an impedimetric measurement technique. A schematic drawing of the ECIS principle 

is shown in Fig. 3ɀ14. 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 connects both electrodes. A 

weak and non-invasive 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. 3ɀ14 Schematic drawing of the ECIS measurement principle. Two electrodes (a small 
working electrode, and a > 100-fold bigger counter electrode) are used as culture substrate for 
cells. Cells impede current flow between the electrodes. High frequency (hf) current passes the 
cells on transcellular pathways, whereas low frequency (lf) current flows on paracellular pathways 
beneath and between the cells and through tight junctions (zoomed-in detail in the drawing). 

The impedance is measured spectroscopically in a wide frequency range (cf. 3.2 Impedance Spectroscopy, 

p. 22 ff.). In the cell-free situation, the entire impedance signal is determined by the interface impedance 

of the electrode at low frequencies and by the bulk resistance of the medium in the high frequency range. 

If cells cover the electrodes, the current cannot flow directly and faces extra impedance contributions, 

ÓÉÎÃÅ ÃÅÌÌÓ ÂÅÈÁÖÅ ÌÉËÅ ÉÎÓÕÌÁÔÉÎÇ ÐÁÒÔÉÃÌÅÓȢ 4ÈÉÓ ÉÓ ÒÅÆÌÅÃÔÅÄ ÉÎ ÁÎ ÉÎÃÒÅÁÓÅ ÏÆ ÔÈÅ ÓÙÓÔÅÍȭÓ ÉÍÐÅÄÁÎÃÅ with 

the gradual coverage of the electrodes (Fig. 3ɀ14). As the applied potential between the two coplanar 

electrodes is in the range of 10 mV, ECIS is non-invasive. By means of ECIS one can monitor the processes 

of cell adhesion, spreading and proliferation as they all affect 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, cell-cell as well as cell-substrate contacts give rise to 

changing current pathways and impedance, respectively. Additionally, cellular motility is expressed by 

the dynamic formation and release of cell-cell and cell-substrate contacts. This cellular micromotion is 

reflected in impedance 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 in Fig. 3ɀ14). 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 flow on paracellular pathways through the cell layer. This means the 

current flows under the insulating cell layer and through the clefts between neighboring cells (indicated 

in Fig. 3ɀ14 by arrows with a solid line). Thus, the low frequency impedance is dominated by impedance 

contributions arising from the small cleft between the electrode and the cells as well as from the electrical 

properties of the cell-cell contacts. In the high frequency region the current flows transcellularly through 

the cell and it has to cross the lower (basal) and the upper (apical) membrane of the (epithelial) cell layer 

(indicated in Fig. 3ɀ14 by arrows with a dashed line). At elevated frequencies the lipid bilayer behaves 

electrically as a capacitor, which means that the entire transcellular impedance 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 

(Ḑ 500-fold) bigger counter electrode (CE). By this, the overall impedance of the system is not dominated 

by the bulk resistance of the electrolyte between the electrodes and the counterelectrode itself. The 
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bottleneck of current flow is now the interface impedance between the WE and the electrolyte. The latter 

is affected by 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 smaller WE size. However, with decreasing electrode area the electrical properties of only few cells 

of the whole cell layer are measured. This is a drawback, because the measured signal may not be 

representative for the whole cell layer. Hence, the electrode sizes have to be adjusted to the specific 

requirements of an ECIS experiment. 

3.4.2 Impedance Properties of (Cell Covered) ECIS Electrodes 

When immersing ECIS electrodes in an electrolyte and measuring the impedance of the cell-free system 

over a broad frequency range from 1 Hz to 1 MHz, one obtains characteristic curve shapes for the 

impedance magnitude ȿὤȿὪ and the phase shift angle •Ὢ. Simulated impedance spectra for ECIS 

electrodes in contact with a physiological buffer are shown in Fig. 3ɀ15 ( ). Looking at the phase 

spectrum of the cell-free ECIS electrodes, it can be seen that its characteristics are similar to that of a 

simple RC series circuit, which has been discussed above (subsection 3.2.3, p. 28), and whose impedance 

spectrum is shown in Tab. 3ɀ4 A (p. 29). In the high frequency range (Ὢ > 104 Hz) the phase angle 

converges to zero. Hence, the systems impedance is solely resistive and is dominated by the bulk 

resistance of the electrolyte, Ὑ . This can also be seen in the impedance amplitude spectrum of the 

cell-free system (Fig. 3ɀ15 A, ), where the impedance magnitude exhibits a frequency independent 

value, i.e. only resistance contributions, at higher frequencies. In contrast, the lower frequency range 

(Ὢ < 102 Hz) is almost exclusively represented by a capacitor, as the phase angle converges to a constant 

value close to Ͼ90 ° and the impedance magnitude exhibits the characteristic frequency dependence of 

a capacitor. This capacitive impedance originates from the electrical double layer properties of the WE. 

However, non-ideal capacitive behavior of the WE can be recognized in the phase shift angle, as the 

phase is not exactly Ͼ90 ° but is shifted to slightly higher values. This is due to roughness and 

inhomogeneity of the electrode surface, which give small but significant resistive contributions to the 

almost entirely capacitive 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 electrodes, the impedance situation is different. The impact of a confluent cell 

layer on the impedance of ECIS electrodes is simulated in Fig. 3ɀ15 ( ). The impedance is neither 

influenced in the very high nor in the very low frequency region by the cell layer. The spectra with cells 

superpose with the spectra of the cell-free electrodes for Ὢ < 101 Hz and Ὢ > 105 Hz. However, impedance 

contributions due to the cells arise in the frequency region in between. In the phase spectra the cells 

induce a phase shift maximum and minimum. Coming from higher frequencies, there is an earlier 

decrease in the phase for cell-covered electrodes in comparison to cell-free electrodes. This is due to 

additional capacitive contributions to the system, which 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 cell-free electrode. This phase recovery is caused by the 

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 almost frequency independent plateau. This is related to current 

pathways beneath and around the insulating cell bodies, in particular from current flow through cell-cell 

contacts. The impedance curve shape of the cell-covered electrodes in the frequency range of 
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101 ɀ 105 Hz can be compared with the electrical properties of an RC parallel circuit (R||C), which were 

previously discussed (cf. Tab. 3ɀ4, p. 29).  

It has to be mentioned that the simulated impedance characteristics of the cell-covered electrode in 

Fig. 3ɀ15 are not only determined by a capacitance ὅ  in parallel to a resistance Ὑ  (reflecting the 

capacitance of the cell membrane and the resistance of cell-cell contacts, respectively), but also by a third 

parameter, ‌, which reflects the frequency dependent impedance contribution of the subcellular cleft 

(Fig. 3ɀ17; for details, see subsection 3.4.3). The further parameters of the used transfer function are the 

membrane resistance, Ὑ , and the parameters ὲ#0% and ὃ#0% of the empirical constant-phase element 

(Eq. (18)).  

 

 

Fig. 3ɀ15 Simulated impedance spectra (Bode plot) of the magnitude ȿὤȿ (A) and the phase 
shift angle • (B) for ECIS electrodes in contact with an electrolyte. Spectra are shown for cell-free 
electrodes (w/o cells; ), and for electrodes covered with a confluent cell layer (w/ cells; ). For 
simulation, the model proposed by Wegener and Hakvoort et al. (2000) [314] was used, which is a 
slight modification of the original model of Giaever and Keese [96] (cf. 3.4.3). Following parameter 
values were applied: Ὑ  = 90 ɱ·cm2, ὅ  = 3 µF·cmϾ2, ‌ = 16 ɱ1/2·cm, Ὑ  = 2000 ɱȟ Ὑ  = 1000 ɱȟ 
ὲ#0% = 0.95, and ὃ#0% = 1.5 ·10Ͼ5 F·snϾ1·cmϾ2, for an electrode area of 5 ·10Ͼ3 cm2. 

The spectra of the complex impedance shown in Fig. 3ɀ15 can be split into real part and imaginary 

contributions, according to Eq. (7) (p. 24). The real part thereby represents an equivalent resistance and 

the imaginary part represents the equivalent capacitance of the system. Thus, the impedance spectra (in 

Fig. 3ɀ16 A) can be broken up in the two individual spectra of the resistance (Fig. 3ɀ16 A) and capacitance 

(Fig. 3ɀ16 B). 

The separation of the complex impedance into equivalent resistance (real part of ὤ) and equivalent 

capacitance (imaginary part of ὤ) allows for a more detailed and analytical view on the electrical 

properties of the cell layer. The resistance and capacitance spectra in Fig. 3ɀ16 can be roughly separated 

into four frequency ranges, in which different impedance contributions dominate over the others. As 

already mentioned above, in the low frequency region (Ὢ < 101 Hz, range I in Fig. 3ɀ16) the impedance 

arises mainly from the double-layer capacitance (CPE) of the electrode-electrolyte interface, whereas 

the bulk resistance of the electrolyte dominates the impedance in the high frequency range (Ὢ > 105 Hz, 

region IV). Two regions can be defined in between. The first is centered around 102 Hz (region II), the 

second around 104 Hz (region III), whereas the resistance is very sensitive to the cell layer in the former, 
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the capacitance is in the latter. The low-frequency resistance is mainly provided by paracellular pathways 

of the current and thus can be used for following changes in the barrier resistance of cell-cell contacts as 

well as of the gap resistance between the basal cell membrane and the electrode surface (cf. Fig. 3ɀ14). 

Independent of these properties the transcellular current pathways are reflected in the capacitance 

values at high frequencies. Hence, it is measure for the degree of membrane-coverage on the electrode 

and thus the hf capacitance can be applied to monitor the intactness of the cell membrane, cell 

attachment, and cell detachment, respectively. 

 

 

Fig. 3ɀ16 Spectra of the equivalent resistance (A) and the equivalent capacitance (B) were 
extracted from the impedance spectra shown in Fig. 3ɀ15. Thereby,  Ὑ  represents the real part 
and  ὅ  ic calculated from the imaginary part of the complex impedance  ὤ. Spectra are shown for 
the cell-free ( ) and the cell-covered ( ) situation on ECIS electrodes. For simulation, the 
model proposed by Wegener and Hakvoort et al. (2000) [314] was used, which is a slight 
modification of the original model of Giaever and Keese [96] (cf. 3.4.3). Following parameter values 
were applied: Ὑ  = 90 ɱ·cm2, ὅ  = 3 µF·cmϾ2, ‌ = 16 ɱ1/2·cm, Ὑ  = 2000 ɱȟ Ὑ  = 1000 ɱȟ 
ὲ#0% = 0.95, and ὃ#0% = 1.5 ·10Ͼ5 F·snϾ1·cmϾ2, for an electrode area of 5 ·10Ͼ3 cm2.  

By extracting the equivalent resistance and the equivalent capacitance from the ECIS readings, 

impedance spectroscopy provides a basis for sensing the morphological properties of a cell layer and 

allows a quantitative evaluation of the experimental data in terms of cell morphology. By monitoring the 

complex impedance in 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 resistance upon formation of cell-cell 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 is no need for a structural resolution of the toxic process, the complex impedance and the 

ÅÑÕÉÖÁÌÅÎÔ ÒÅÓÉÓÔÁÎÃÅ ÁÎÄ ÃÁÐÁÃÉÔÁÎÃÅȟ ÒÅÓÐÅÃÔÉÖÅÌÙȟ ÉÓ ÕÓÕÁÌÌÙ ÓÕÆÆÉÃÉÅÎÔ ÆÏÒ Á ȰÙÅÓ ÏÒ ÎÏȱ ÓÔÁÔÅÍÅÎÔ ÏÆ 

cytotoxicity. The impedance raw data thus provides enough information 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 suitable electrical model for the impedance of a cell-

covered electrode is addressed in the following section. 
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3.4.3 Modeling the Impedance of the Cell-Electrode Interface 

As mentioned above, impedance spectra provide the integral electrical properties of the entire system. 

Changes of the total impedance in a complex system therefore are difficult to interpret. More detailed 

information can be extracted from the recorded impedance spectra by subsequently fitting the 

impedance data with a transfer function of an appropriate electrical model.  

Such an electrical equivalent model for a confluent cell layer on electrodes was introduced by Giaever 

and Keese in 1991.[96] The model takes structural elements of a cell layer and properties of the cell-

electrode interface into account. The similarity of the impedance spectrum of a cell-free electrode and 

the impedance of a RC series circuit was already discussed in the previous section. Thus, in a first 

approximation an R-C equivalent circuit adequately describes the interface of an electrode in contact 

with an electrolyte. However, the capacitance of the electrode is replaced by a ὅὖὉ  in the original 

model, according to the proposal of Wegener and Hakvoort et al. [314], in order to take non-ideal behavior 

of the electrode into account (cf. p. 27). The ὅὖὉ  is connected in series with the bulk resistance Ὑ  of 

the electrolyte. In the case of a confluent cell monolayer on the electrode an additional impedance 

contribution ὤ due to the cell layer has to be considered. A schematic illustration of the model and the 

respective equivalent circuit is shown in Fig. 3ɀ17. For this model, cells are approximated as uniform, 

cylindrical bodies of same size (radius ὶ) and distance (Ὠ) from the electrode surface. The impedance 

ὤ  includes three characteristic parameters arising from the cell layer, which are the specific average 

membrane capacitance ὅ  [µF·cmϾ2] of two membranes in series, the barrier resistance of the cell-cell 

junctions Ὑ  ɍɱ·cm2], and the parameter ‌ ɍɱ1/2·cm] (Fig. 3ɀ17). The latter describes the electrical 

properties of the cleft between the cells and the gold electrode. Hence, ‌ is a function of the cell-

electrode distance Ὠ, the average cell radius ὶ, and the specific resistivity of the subcellular electrolyte 

” , and is defined by:  

‌ ὶϽ
”

Ὠ
 (49) 

The total impedance of the cell-covered electrode ὤ   is a function of the CPE impedance ὤ  (cf. Eq. 

(18), p. 27), the membrane capacitance ὅ  (expressed as cell membrane impedance ὤ ), the junctional 

or paracellular barrier resistance Ὑ , the parameter ‌ (represented by the unitless term ὶ‎, according to 

Eq. (51)), and of the bulk resistance Ὑ . ὤ  is given by: 
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and where  Ὅ  and  Ὅ  are modified Bessel functions of the first kind of order π and ρȢ 
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Fig. 3ɀ17 Illustration of the impedance model for a cell-covered electrode according to Giaever 
and Keese [96] and Wegener and Hakvoort et al. [314]. Cells are approximated as cylindrical disks, 
with an uniform height, an average radius ὶ, and a mean distance Ὠ to the electrode surface. The 
cell layer augments the impedance of the cell-free system (a CPE in series with the bulk resistance 
Ὑ  of the electrolyte) by an additional impedance ὤ, which includes contributions of the cell 
membrane capacitance ὅ , of the paracellular barrier resistance Ὑ , and of the parameter ‌ that 
stands for the cleft impedance between the cells and the electrode. 

The impedance measurement of the cell-free electrodes (immersed in the electrolyte) prior to seeding 

cells provides the values for ὤ  as well as for Ὑ   by linear regression of the experimental data 

(ÌÏÇȿὤȿ ὺίȢÌÏÇὪ) in the low and high frequency range, respectively.[314] For impedance analysis of 

a cell-covered electrode, the only variables in the model are ὅ , Ὑ , and ‌. These characteristic cell-

related parameters are obtained by fitting the model in Eq. (50) to the experimental data by a numeric 

non-linear least-square optimization. By this, the time dependent changes of ὅ , Ὑ , and ‌ during an 

experiment are available from time-resolved recordings of impedance spectra. Stolwijk (2011) 

demonstrated by simulations the impact of the individual cell-layer specific parameters on the shapes of 

the impedance, resistance and capacitance spectrum of a cell-covered electrode.[7]  

3.4.4 ECISɀQCM Combination 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 key objective was to integrate an ECIS-like 

electrode arrangement on a quartz resonator in order to combine the two label-free measurement 

techniques of QCM and ECIS on one substrate. Double-mode impedance analysis of cells by combining 

QCM-mode measurements with ECIS-mode measurements was already presented earlier.[206,219,236,267,268] 

For this, a conventional measurement chamber (1ElQ) was supplemented with an additional, vertical 

platinum (Pt) dipping electrode. ECIS-mode measurements were performed by immersing the Pt 

electrode into the physiological buffer above the quartz electrode. Thereby, the top electrode of the 

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

With this setup it is possible to measure both the viscoelastic properties of cells by QCM-mode readings 

as well as the morphological properties of the cell layer by ECIS-mode measurements on one QCM 

ÓÅÎÓÏÒȢ "Ù ÔÈÉÓ ÅØÔÅÎÓÉÏÎȟ ÔÈÅ ȰΧst ÇÅÎÅÒÁÔÉÏÎ 1#-ȱ ɉÓÉÍÐÌÙ Á 1#- ÓÅÎÓÏÒɊ ×ÁÓ ÔÅÃÈÎÏlogically upgraded 

ÔÏ ÔÈÅ ȰΨnd ÇÅÎÅÒÁÔÉÏÎ 1#-ȱȟ Á ÃÏÍÂÉÎÅÄ ECIS-QCM sensor. However, the additional dipping electrode 

ÉÎ ȰΨnd ÇÅÎÅÒÁÔÉÏÎ 1#-ȱ ÌÅÁÄÓ ÔÏ ÓÏÍÅ ÄÉÓÁÄÖÁÎÔÁÇÅÓȟ ÌÉËÅ Á ÍÏÒÅ ÃÏÍÐÌÉÃÁÔÅÄ ÅØÐÅÒÉÍÅÎÔÁÌ ÓÅÔÕÐ ÁÎÄ 

the introduction of an additional entry point for contamination. Moreover, drawbacks arise from the kind 

and shape of the dipping electrode as well as from a defined geometrical arrangement of the CE above 

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

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, a co-planar electrode arrangement was 

implemented on a piezoelectric quartz disk, similar to the situation on conventional ECIS substrates. By 

this, a well-defined CE was integrated on the sensor surface, which redundantizes the disadvantageous 

ÄÉÐÐÉÎÇ ÅÌÅÃÔÒÏÄÅ ÆÏÒ %#)3Ȣ (ÅÎÃÅȟ ÔÈÅ ȰΨnd ÇÅÎÅÒÁÔÉÏÎ 1#-ȱ was technologically upgraded to tÈÅ ȰΩrd 

ÇÅÎÅÒÁÔÉÏÎ 1#-ȱ ÉÎ ÔÈÉÓ ÐÒÏÊÅÃÔȢ 

4ÈÅ ÄÅÖÅÌÏÐÍÅÎÔ ÓÔÅÐÓ ÆÒÏÍ ÔÈÅ ȰΨnd ÇÅÎÅÒÁÔÉÏÎ 1#-ȱ ÔÏ ÔÈÅ ȰΩrd ÇÅÎÅÒÁÔÉÏÎ 1#-ȱ ÁÒÅ ÄÅÓÃÒÉÂÅÄ ÉÎ ÔÈÅ 

ÒÅÓÕÌÔÓ ÓÅÃÔÉÏÎÓȢ 4ÈÅ ÃÁÐÁÂÉÌÉÔÙ ÏÆ ÔÈÅ ÎÏÖÅÌ ȰΩrd ÇÅÎÅÒÁÔÉÏÎ 1#-ȱ ÓÅÎÓÏÒ ÆÏÒ ÄÏÕÂÌÅ-mode measurements 

was investigated in a variety of different cellular assays. Thereby, the complementarity and gain of 

information provided by simultaneous ECIS- and QCM-mode measurements of the same cell population 

were demonstrated (cf. 5.2 QCM-ECIS Biosensor, p. 129 ff.). 

Quartz Resonator Layout for ECIS Integration  

For the ECIS-mode measurements that are shown in this work a newly sensor layout was developed. The 

basis of the sensor was a disk-shaped 5 MHz AT-cut quartz resonator (KVG Quartz Crystal Technology 

GmbH; Neckarbischofsheim, Germany), on which a novel two-electrode layout (2ElQ) was implemented, 

as illustrated in Fig. 3ɀ10 B. Evaporation of the circular gold-film electrodes (Ø = 3.5 mm) and the contact 

paths was carried out by KVG, based on a self-developed mask for the electrode layout. Having two 

coplanar electrodes on the surface of the quartz disk, ECIS measurements were performed without 

dipping a counter electrode into the electrolyte. Thus, additionally to QCM measurements ECIS-

analogue measurements are available with this setup. 

In order to meet the experimental prerequisites for meaningful ECIS mode measurements the 

commercially provided gold film electrodes had 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 photolithography masks (Fig. 3ɀ12), as well as preliminary 

sensor cleaning steps are described above in subsection 3.3.3 (p. 45 ff.). 

 

 

Fig. 3ɀ18 Measurement chamber and experimental setup for a 2ElQ sensor. The electrodes on 
the sensor were contacted from below by four contact pins and connected via a PC-controlled 
relay to the IA. This setup allowed reading the oscillation impedances of the two QCM sensor 
spots (ZQCM1 and ZQCM2) as well as the electrical impedance between the two top surface electrodes 
(ZECIS). For cell experiments the whole measurement chamber was placed in an incubator (37 °C, 
5 % CO2). 
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Hardware ɀ Measurement Chamber 

The measurement chamber used for 2ElQs was similar to that for conventional 1ElQs, which was 

previously described (p. 48). However, for 2ElQs the lower part of the chamber comprised four contact 

pins instead of two, and an additional relay was interconnected between the sensor and the impedance 

analyzer (Fig. 3ɀ18). With this PC-controlled relay different pairs of electrodes of the 2ElQ were 

addressed. Hence, the impedance analyzer was switched between readings of the oscillation 

impedances (ZQCM1 and ZQCM2) and the electric cell-substrate impedance (ZECIS) ((Fig. 3ɀ18). More details 

of the experimental setup are mentioned in the QCM subsection Hardware ɀ Measurement Chamber 

(p. 48). 

Software ɀ ECIS-QCM Measurements 

The software used for combined ECIS-QCM measurements is an extended version of the LabVIEW based 

QCM software described previously (Software - QCM Measurements, p. 49). Switching the additional 

relay was integrated in the software for automated and sequential measurements of ZQCM1, ZQCM2, and 

ZECIS. In QCM-mode impedance was recorded successively for the two sensor spots, according to the 

procedure described in the experimental QCM section. For ECIS-mode scanning of the complex 

impedance a sinusoidal, non-invasive AC excitation voltage of 10 mV was applied between both upper 

surface electrodes of the quartz disk ((Fig. 3ɀ18). The impedance of the system was measured in a 

frequency range from 1 Hz to 1 MHz for 61 frequencies that were distributed equidistantly on a log-scale 

(10 data points per decade). 

Experimental Implementation of ECIS-QCM Measurements 

Combined ECIS-QCM measurements were performed similarly to QCM experiments described above 

(Experimental Implementation, p. 49). However, before seeding cells on the ECIS-QCM sensor the 

photopolymer had to be pre-incubated with liquid. It is known for photoresist-coated resonators that 

equilibration of the polymer in liquid has a non-negligible effect on the acoustic impedance.[236] In order 

to avoid an overlap of swelling with the cell-related signal and to gain a constant baseline signal of the 

motional (QCM) impedance the polymer on the 2ElQ was immersed with liquid for Ḑ 20 h. 

Data Processing 

The recorded QCM data was analyzed according to the procedure described earlier (Data Processing, 

p. 49). A set of impedance spectra (magnitude and phase) was recorded by ECIS-mode measurements 

during an experiment. The data set was processed by LabVIEW based software (written by J. Wegener, 

University of Regensburg), which extracted the equivalent resistance and the equivalent capacitance 

value for each AC frequency (cf. 3.4.2 Impedance Properties of (Cell Covered) ECIS Electrodes). By dividing 

the impedance (resistance/ capacitance) spectra of a cell-covered electrode by the impedance 

(resistance/ capacitance) spectra of the corresponding cell-free electrode, the frequency at which the 

impedance (resistance/ capacitance) is most sensitive to the cell layer is obtained. At these frequencies 

the impedance, resistance, and capacitance were plotted as a function of time. The experimental time 

was usually normalized with respect to a characteristic point of the experiment, like e.g. the seeding of 

cells, the addition of a substance, or any other stimulation of the cells. The values of ȿὤȿ, Ὑ, or ὅ were also 

normalized with respect to their 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 courses of the resistance at low and of the capacitance at high frequencies were 
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then used for obtaining information regarding alterations of the junctional resistance (barrier 

functionality) and changes of the membrane capacitances of the cells, respectively. Combined ECIS-

QCM measurements were repeated several times and parameter changes in the course of a test series 

were average and statistically evaluated. 

Sensor Regeneration 

Before regeneration and cleaning of the resonators, the photopolymer on the 2ElQs had to be removed. 

This was achieved by rinsing the substrate in acetone for Ḑ 1 min. Afterwards, the quartz was cleaned in 

a piranha solution (3 parts (v/v) of conc. H2SO4 and 1 part (v/v) of 30 % (v/v) H2O2) for Ḑ 30 min in order to 

remove organic residuals from the sensor surface. Then the quartz disk was rinsed several times with 

deionized water in order to get rid of the acid. Before re-using the quartz, it had to be cleaned and 

prepared again, according to the protocols in subsection Quartz Cleaning (p. 45). 

3.4.5 Electroporation on ECIS-QCM Sensor (ELPO-ECIS-QCM) 

The introduction of membrane impermeable substances into the cytoplasm of adherent cells by means 

of in situ electroporation has been previously described.[315ɀ318] It has also been shown, how ECIS 

electrodes were not only used for sensing cells, but also for actuating and manipulating cells by external 

electric fields.[7,99,118ɀ120] In 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 

(ELPO-ECIS). 

Electroporation Principle 

In general, electroporation describes the formation of pores in a membrane caused by an electric field. 

The strategy of introducing a cell membrane impermeable substance into the cytoplasm of a cell is 

schematically illustrated in Fig. 3ɀ19. For ELPO, two electrodes need to be introduced into the system, 

which are on opposite sites of the membrane that is to be electroporated (Fig. 3ɀ19 A). By applying an 

appropriate electric field, the membrane can be polarized and consequently 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 bilayer (Fig. 3ɀ19 B). In order to form pores in cell 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, which leaves the cells viable after the electric pulse. In the latter case the cell 

membrane is only transiently opened, the pores are closed as soon as the field is turned off, and the 

impermeable membrane is restored within a short period after the pulse (Fig. 3ɀ19 C). Thus, it is possible 

to transfer membrane impermeable substances into the cytoplasm of cells, just by providing a 

sufficiently high extra-cellular concentration of the respective molecules and 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 and the introduction of substances immediately, non-invasively, 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 sinusoidal AC voltage of 40 kHz, amplitudes of 3 ɀ 7 V, and pulse durations 

between 200 ɀ 500 ms were found to be adequate parameters for an efficient, non-invasive 

electroporation of a variety of adherent cells on ECIS substrates (working electrode area: 5 ·10Ͼ4 cm2).[7] 
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The principle of ELPO was also introduced into the newly developed ECIS-QCM setup (cf. 3.4.4, p. 56 ff.). 

Thus, ELPO was combined with instantaneous real-time monitoring of the cell responses in both ECIS- 

and QCM-mode measurements (ELPO-ECIS-QCM). With this, cytomechanical cell responses upon the 

introduction of membrane-impermeable xenobiotics can be investigated in addition to the cell-shape 

and vitality monitoring by ECIS. 

 

A B C 

 

Fig. 3ɀ19 Electroporation principle. (A) A cell with intact lipid bilayer membrane is placed 
between two electrodes (yellow bars) in an electrolyte that contains a membrane impermeable 
substance (grey spheres). (B) Applying a potential between the electrodes generates an electric 

field Ὁᴆ 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 polarization. During electroporation until 
membrane regeneration extra-cellular molecules can diffuse through the pores into the cells, 
according to the gradient of concentration. (C) The cell membrane reseals again after (non-
invasive) electroporation, leaving the membrane impermeable substance remaining in the 
cytoplasm and, thus, being introduced into the 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 (cf. 3.4.4). The 2ElQs comprised two coplanar electrodes on the top side of the 

sensor, similar to the ECIS substrates. The size of the working electrode was systematically optimized by 

preparing 2ElQ resonators with working electrodes of the following diameters: 250, 500, 1000, and 

2000 µm (cf. Spin Coating and Photolithography on Quartz Disks, p. 46 f.). 

Electroporation was integrated into the running ECIS-QCM measurement. For this, the ECIS-QCM setup 

×ÁÓ ÓÕÐÐÌÅÍÅÎÔÅÄ ÂÙ Á ȰΩΩΧΨΦ! ΧΫ -(Ú &ÕÎÃÔÉÏÎȾ !ÒÂÉÔÒÁÒÙ 7ÁÖÅÆÏÒÍ 'ÅÎÅÒÁÔÏÒȱ ɉ(Å×ÌÅÔÔ-Packard; 

Palo Alto, CA, USA) (Fig. 3ɀ20). The frequency generator served as AC voltage source for applying a 

defined voltage magnitude of a certain frequency and for a defined period of time between the working 

and the counter electrode and, thus, to the adherently grown cells on the working electrode. For 

visualizing and controlling ÔÈÅ ÅÌÅÃÔÒÏÐÏÒÁÔÉÏÎ ÐÕÌÓÅȟ ÁÎ ȰÏÓÃÉÌÌÏÓÃÏÐÅ (- ΧΦΦΫȱ ɉ(!-%'Ƞ &ÒÁÎËÆÕÒÔȾ 

Main, Germany) was implemented between the frequency generator and the connecting wires of the 

two top electrodes of the 2ElQ (Fig. 3ɀ20). 

Experimental Implementation  

Electroporation pulses were applied in the course of an ECIS-QCM measurement, after cells had formed 

a confluent monolayer. Before electroporation, the processes of cell attachment, cell spreading, and the 

establishment of a confluent cell layer were monitored by QCM-mode and ECIS-mode readings. 

Moreover, the extracellular influence of a membrane-impermeable substance of interest was recorded 

Ὁᴆ 
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in real-time by ECIS-QCM. Equilibration of signals was awaited, before applying the ELPO voltage pulse. 

Thus, effects of extra-cellular stimulation were distinguished from cell responses to ELPO and intra-

cellular stimulation. To apply the electroporation pulse the ECIS-QCM recording was shortly paused and 

the upper surface electrodes of the 2ElQ (ECIS electrodes) were connected to the frequency generator. 

Then, an AC voltage pulse of a certain magnitude, at a defined frequency, and for a specific period of 

time was manually applied to the cell layer on the working electrode. Afterwards, the cables were 

replugged between frequency generator and impedance analyzer and ECIS-QCM measurements were 

instantaneously continued. This experimental setup allowed to monitor non-invasively and in real-time 

both the morphological as well as the viscoelastic effects on the cell layer triggered by the 

electroporation pulse and the substance introduced into the cytoplasm. 

 

 

Fig. 3ɀ20 Schematic illustration of ELPO integration in ECIS-QCM measurements (ELPO-ECIS-
QCM). For simplification, the wires for QCM-mode measurements are left out, and only the 
connecting wires for the two upper surface electrodes (for ECIS-mode measurements) are shown. 
For applying an electroporation pulse during a running measurement, the ECIS-QCM recording is 
temporarily stopped and the upper electrodes are connected to the frequency generator. After 
manually applying a defined electric pulse, cables were replugged again, and ECIS-QCM 
measurements were instantaneously continued. Further details of the experimental setup were 
previously described (cf. 3.4.4, p. 56 ff.; Fig. 3ɀ18). 

3.5 Optical Temperature and Oxygen Imaging 

Optical sensors are based on the detection of changing optical properties of a sensor probe, caused by 

its interaction with an analyte. The optical properties of a probe that are used for sensing are absorbance, 

emission (luminescence wavelength and intensity), anisotropy, reflectivity, or the luminescence lifetime 

of a luminophore.[174] An increase in temperature (T) as well as elevation of the oxygen partial pressure 

(pO2) cause a decrease of the luminescence intensity and lifetime, respectively. T and pO2 are both 

luminescence quenchers that promote radiation-less relaxation processes of excited fluorophore 

molecules. Imaging of the luminescence intensity (lifetime) of a sensor film provides a two-dimensional 

resolution of the luminescence properties on the photographed sample. One thus obtains the two-

dimensional temperature (oxygen) distribution on the sample surface by luminescence lifetime imaging 
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of a temperature (oxygen) sensitive probe. However, the luminescence lifetime of most probes is 

sensitive to quenching by both T and pO2. Therefore, the quenching effect due to other influences has to 

be excluded or kept constant for a quantitative analysis of only one parameter.[176,177,319,320] 

The following section addresses the basic principles of light absorption, emission, and luminescence 

quenching. Subsequent sections focus on FLIM as it was usedin this study, the experimental setup, the 

specific experimental implementation of T and pO2 imaging, and finally on the way of data processing 

and data presentation of measurements. 

3.5.1 Basic Principles of Luminescence and Luminescence 

Quenching 

The processes of light absorption, emission, and luminescence quenching can be described best by a 

Jablonski energy-level diagram [321], as shown in Fig. 3ɀ21. If a luminophore in its energetic ground state 

is illuminated with photons (Ὤ’ ) of certain energy, this energy is instantaneously absorbed (10Ͼ15 s) by 

exciting electrons from the electronic (singlet) ground state Ὓ to higher energy levels. If the energy of 

the photons is high enough, the electrons can be excited from Ὓ to vibrational levels of the first or 

second excited singlet state (ὛᴼὛ, ὛᴼὛ). Electrons in elevated vibrational levels (of Ὓ or Ὓ) 

immediately fall back to the vibrational ground state of Ὓ by internal conversion (IC) from ὛᴼὛ, and 

subsequent nonradiative (vibrational) relaxation (Ḑ 10Ͼ12 s). 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 same multiplicity (ὛᴼὛȟὛᴼὛ).[174] 

 

 

Fig. 3ɀ21 Jablonski diagram; modified after [322,323]. 

From Ὓ, the electrons can fall back to Ὓ in a multitude of different ways of energy transfer. Like for the 

radiationless deactivation from ὛᴼὛ, the Ὓ energy can be further dissipated without radiation by IC 

(ὛᴼὛ ; first-order rate constant Ὧ  = 105 ɀ 109 sϾ1) and subsequent instantaneous vibrational 

relaxation to the vibrational ground state. However, electrons can also fall back to Ὓ by emitting the 

energy in the form of photons (Ὤ’ ), which is fluorescence emission. Fluorescence is a spin-allowed 

process and exhibits a rate constant of Ὧ = 106 ɀ 109 sϾ1. Beside the previously mentioned nonradiative 
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relaxation via IC, fluorescence emission can be decreased by static or dynamic quenching processes 

(1&
ÓÔÁÔ, 10

ÄÙÎ
).[174]  

In a fourth transition process, Ὓ is depopulated by intersystem crossing (ISC) of the electrons to the first 

excited triplet state (ὛᴼὝ). ISC to higher vibrational levels of Ὕ is followed by an immediate 

radiationless relaxation to the fundamental vibrational state of Ὕ. ὛᴼὝ is actually a spin-forbidden 

transition (electrons have to change their spin orientation during ISC). However, ISC is partially allowed, 

due to effects of spin-orbit coupling, which mixes singlet and triplet states. Spin-orbit coupling is highly 

increased by the presence of heavy metal atoms like platinum within the probe, which results in an 

increased probability and transition rate of ISC (Ὧ
ᴼ

 = 104 ɀ 1012 sϾ1). For the platinum porphyrine 

complex PtTFPP the triplet quantum yield (the fraction of absorbed photons that lead to a population of 

Ὕ) reaches values of Ḑ 100 %.[322,323] 

Once in the Ὕ state, there are again a number of possible energy transfer processes for the electrons. 

First, an ISC back to the Ὓ can take place under thermal activation (ὝᴼὛ), followed by de-excitation 

processes from Ὓ to  Ὓ. Thermal activation is necessary, as Ὕ is a lower energy level than Ὓ. A second 

ISC can occur from the excited triplet to one of the vibrational levels of the singlet ground state (ὝᴼὛ; 

Ὧ
ᴼ

 = 101 ɀ 109 sϾ1), followed by nonradiative relaxation. Similar to fluorescence, the electrons in Ὕ 

can relax to the electric ground state (ὝᴼὛ) under emission of radiation (Ὤ’ ), too. However, 

phosphorescence is an intersystem radiative transition and, thus, is a spin-forbidden process. This causes 

a delayed emission of phosphorescence (Ὧ  = 10Ͼ2 ɀ 106 sϾ1) in comparison to fluorescence (Ὧ  = 106 ɀ 

109 sϾ1).[322] As all mentioned deactivation processes from the excited triplet state are spin-forbidden and 

therefore possess small rate constants, Ὕ exhibits a long lifetime that varies from 10Ͼ6 s to several 

seconds. Besides the previously mentioned ISCs, the quantum yield for phosphorescence depends on 

two further radiationless deactivation processes, which are static quenching (10
ÓÔÁÔ) and dynamic 

quenching (10
ÄÙÎ

). 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 no fluorescence properties. In dynamic quenching the energy 

of the excited fluorophore is transferred to the quencher molecule. By this, the luminophore is de-excited 

to its ground state Ὓ. Dynamic quenching is also termed collisional quenching, as the fluorophore and 

the quencher must be in close proximity to each other (20 Å and less) for the energy transfer. The exact 

mechanism of energy transfer is not jet fully understood.[174,322,323]  

Oxygen Sensitivity of Luminescence 

Molecular oxygen is a well-known dynamic quencher of phosphorescence. An oxygen molecule naturally 

exhibits a triplet ground state σɫ  (two unpaired electrons of parallel spin-orientation) and two excited 

singlet states, ρɝ and ρɫ , with energy difference of approximately 1.0 eV between the ground state and 

the lowest singlet state (Fig. 3ɀ21). Thus, oxygen in its triplet ground state can efficiently quench 

luminophores in their excited, long-living triplet state by triplet-triplet annihilation (10
ÄÙÎ

). Thereby, the 

dye is deactivated from Ὕ to the ground state and the excitation energy is 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 radiation (‗ > 1240 nm), or ISC with 

subsequent radiationless relaxation, 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 investigating oxygen quenching of a 

fluorescent dye. 

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

Volmer equation: 

Ὅ

Ὅ

†

†
ρ ὑ Ͻὗ ρ ‖†Ͻὗ (52) 

where Ὅ and Ὅ are the luminescence intensities and † and † are the luminescence lifetimes in the 

absence and presence of the quencher, respectively, and ὗ is the quencher concentration. ὑ  is the 

Stern-Volmer quenching constant and comprises the bimolecular quenching constant ‖. Equation (52) 

is only valid for a homogeneous distribution of fluorophore molecules in a non-quenching matrix. If 

fluorophores are embedded in more than one matrix, the so-called multi-site model has to be used for 

describing fluorescence quenching: 

Ὅ

Ὅ

†

†

Ὢ

ρ ὑ Ͻὗ
 (53) 

with Ὥ being the number of ὲ different matrices, Ὢ is the fraction of fluorophore molecules in the 

respective matrix, and ὑ  is the according quenching constant. 

In the case of oxygen being the quencher, the oxygen concentration [O2] is proportional to the partial 

pressure of oxygen pO2 ÁÂÏÖÅ ÔÈÅ ÍÁÔÒÉØȟ ÉÎ ×ÈÉÃÈ ÔÈÅ ÌÕÍÉÎÏÐÈÏÒÅ ÉÓ ÅÍÂÅÄÄÅÄȟ ÄÅÓÃÒÉÂÅÄ ÂÙ (ÅÎÒÙȭÓ 

law. As the volume fraction of oxygen in air is constant (20.95 % (v/v) [324]), the sensor can be used for air 

pressure sensing. Thus, sensor foils containing such oxygen quenchable probes are also referred to as 

pressure-sensitive paints (PSP).[322] 

Temperature Sensitivity of Luminescence 

Luminescence emission is also very sensitive to temperature. In contrast to collision quenching by 

oxygen, temperature does not provide an additional energy dissipation process that reduces the 

quantum yield for phosphorescence emission. The phosphorescence emission rate itself is weakly 

dependent on temperature as well as the triplet quantum yield (ɮ ) is almost temperature insensitive, 

as long as  ɮ  Є 1. Temperature instead promotes non-radiative relaxation processes of the excited 

triplet state, which is the ISC of  ὝᴼὛ (Ὧ
ᴼ

 = 101 ɀ 109 sϾ1). The temperature dependence of the ISC 

rate constant Ὧ
ᴼ

 is given by the Arrhenius relationship:[325,326] 

Ὧ
ᴼ
Ὕ ὃ ẗὩὼὴ 
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ὙὝ
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Ὕ ẗρ

ῳὉ

ὙὝ

ῳὝ

Ὕ
 (54) 

where ɝὉ  is the activation energy for ISC of ὝᴼὛ, Ὕ is a reference temperature, and ɝὝ Ὕ Ὕ 

is small relative to Ὕ.[322]  

With increasing temperature, the rate constant for ISC ὝᴼὛ is increased. This causes that more 

excited triplet states undergo radiationless de-excitation 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 pressure-sensitive paints (PSPs), a sensor foil with 

embedded temperature sensitive probe is often called temperature-sensitive paint, or short TSP. 
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3.5.2 Fluorescence Lifetime Imaging (FLIM) using Rapid Lifetime 

Determination (RLD) 

There is a variety of possible measurement methods for the two-dimensional luminescence imaging of a 

luminophore in a matrix. Measuring the luminescence intensity is the most direct method. However, 

intensity measurements lead to some drawbacks, 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 geometrical 

parameters in the experimental setup. Moreover, luminescence intensity is strongly influenced by light 

scattering and photo-bleaching effects. With the help of ratiometric imaging methods and lifetime-

based imaging techniques, these drawbacks can be overcome. Fluorescence lifetime imaging (FLIM) can 

be performed either in the frequency domain or in the time domain, whereby data from both 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 long-living MLCs as probe has the 

additional advantage that background fluorescence (decay time < 200 ns) can be suppressed by simply 

starting imaging after a delay time of 1 µs.  

 

 

Fig. 3ɀ22 Schematic illustration of fluorescence lifetime imaging with the rapid lifetime 
determination (RLD) principle. The fluorophore is excited by a LED light source, and two time-
gated intensity images (ὃ and ὃ) are recorded by the triggered CCD camera in the emission 

phase at time points ὸρ and ὸς, after the LED was switched off. The gate width for images ὃρ and 

ὃς was set identically, and time point  ὸ was set delayed, so that 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 (RLD) [327] is one time gated method for acquiring self-referenced FLIM 

data. The principle of RLD is schematically shown in Fig. 3ɀ22. The luminescent probe is excited by a 

rectangular light 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 points, ὸ and ὸ , 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 integrates the 

luminescence intensity for each pixel of the sensor. Thus, by RLD one obtains two intensity pictures, ὃ 

and ὃ , in the decay phase of the luminescent probe. With the ratio of the two intensity pictures, ὃ ὃϳ , 

one can calculate the decay time †, according to: 

†
ὸ ὸ

ὰὲ 
ὃ
ὃ

 
(55) 

where ὸ and ὸ depict the time points of camera opening in the emission decay phase, and ὃ and ὃ  

represent the integrated intensities within the respective time gates. 

It is noted that the absolute values for the decay time, calculated by Eq. (55), are only valid for mono-

exponential decays. Since the exact lifetime values were not of interest, and relative changes in lifetime 

were sufficient for imaging and quantifying the quenching effects by oxygen and temperature.[178,328] As 

the luminescence decay time is independent of the intensity, the intensity image ratio in RLD eliminates 

variations in signal intensity. Hence, non-uniform matrix thickness, fluctuations in the excitation light 

intensity, reflections, background luminescence, or changing geometry 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 time-resolved imaging method, the imaging setup requires a camera 

with a fast shutter that is triggered synchronously with the excitation light source. Moreover, better 

signal-to-noise ratios can be achieved with cameras that exhibit a cooled CCD chip. 

3.5.3 Experimental of FLIM-RLD 

TSP and PSP Sensor Preparation 

For temperature imaging, two different TSPs were prepared, containing either the temperature-

sensitive probe Tris(dinaphthoylmethane)-bis(trioctylphosphineoxide)-europium(III) (Eu(dnm)3(topo)2; 

ÓÙÎÔÈÅÓÉÚÅÄ ÉÎ ÏÕÒ ÉÎÓÔÉÔÕÔÅȟ ÁÃÃÏÒÄÉÎÇ ÔÏ 0ÅÎÇȭÓ ÐÒÏÃÅÄÕÒÅ [329]) or Tris(benzoylacetonato)-mono-

(phenanthroline)-europium(III) (Eu(benzac)3(phen); Sigma-Aldrich; St. Louis, MO, USA). As oxygen-

sensitive dye, the platinum porphyrin complex 5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-

porphyrin-platinum(II) (PtTFPP; obtained from Porphyrine Systems GbR; Appen, Germany) was used. 

The chemical structures of the dyes are shown in Fig. 3ɀ23. 

 

A B C 

 

  

Fig. 3ɀ23 Chemical structures of the temperature-sensitive probes (A) Eu(dnm)3(topo)2 and (B) 
Eu(benzac)3(phen), and of the used oxygen-sensitive probe (C) PtTFPP. 
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TSP Sensor Preparation 

The TSP sensor cocktail was prepared by mixing a polymer solution of 10 % (w/v) poly(vinylidene-

chloride/ acrylonitrile) (80:20) (Polysciences, Inc.; Warrington, PA, USA) in tetrahydrofuran (THF; Sigma-

Aldrich; St. Louis, MO, USA) with 15 % (w/w of polymer) of Eu(dnm)3(topo)2 or Eu(benzac)3(phen). This 

ȰÃÏÃËÔÁÉÌȱ ×ÁÓ ÓÐÒÁÙÅÄ ÆÒÏÍ Á ÄÉÓÔÁÎÃÅ ÏÆ Ḑ 15 cm onto the surface of a cleaned quartz resonator (1ElQ) 

with a paint-spraying gun (Walther PILOT; Wuppertal, Germany). The quartz cleaning procedure is 

explained in subsection Quartz Cleaning (p. 45). The spray pressure was 2.5 bar, and the solvent was 

evaporated over night at room temperature. In this way, a TSP sensor film thickness of Ḑ 0.7 ɀ 2.5 µm 

was obtained (determined by QCM measurements). 

PSP Sensor Preparation 

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

In the sensor cocktail, the PtTFPP concentration was set to 3 % (w/w of PS), and the PS concentration 

was either 3 % (w/v) or 5 % (w/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 circular (Ø = 12 mm) microscope cover glasses (VWR; Radnor, PA, USA) by either spray 

coating (cf. subsection TSP Sensor Preparation) or spin coating of the sensor cocktail. For spin coating a 

self-made spin coater composed of a hard disk drive was used (developed by Dr. F. Höhn; Institute of 

Biochemistry, University of Münster, Germany). Before coating, the glass substrates were cleaned by 

rinsing in acetone and isopropyl alcohol, in order to remove organic impurities from the surface. The 

solvents and surface water were subsequently removed by heating the substrates to 120 °C for 30 min. 

In order to guarantee a homogeneous solution of the cocktail for the coating process, the PSP was stirred 

and sonicated for at least 10 min. Spin coating was performed at room temperature and at 

1500 ɀ 4000 rpm. A drop of the cocktail was placed in the center of the rotating substrate and spin coated 

for 1 min. After PSP coating, the substrate was dried at room temperature overnight. For some test 

ÓÅÒÉÅÓȟ ÔÈÅ ÁÄÈÅÓÉÏÎ ÐÒÏÍÏÔÅÒ Ȱ4) 0ÒÉÍÅȱ ×ÁÓ ÓÐÉÎ ÃÏÁÔÅÄ ÐÒÉÏÒ ÔÏ ÔÈÅ 030Ȣ Ȱ4) 0ÒÉÍÅȱ ÓÐÉÎ ÃÏÁÔÉÎÇ ×ÁÓ 

performed at 3000 rpm for 20 s, followed by activation of the adhesion promoter in the oven (130 °C for 

10 min). After this, the substrate was ready for PSP coating as described above.  

Hardware - Experimental Setup  

Camera and Light Source 

Time-ÒÅÓÏÌÖÅÄ ÌÕÍÉÎÅÓÃÅÎÃÅ ÍÅÁÓÕÒÅÍÅÎÔÓ ×ÅÒÅ ÐÅÒÆÏÒÍÅÄ ×ÉÔÈ ÁÎ Ȱ)ÍÁÇÅ8 4ÉÍÅ 'ÁÔÅÄ )ÍÁÇÉÎÇ 

ÓÙÓÔÅÍȱ ɉ0ÈÏÔÏÎÉÃ 2ÅÓÅÁÒÃÈ 3ÙÓÔÅÍÓȠ .Å×ÈÁÖÅÎȟ 5+ɊȢ )Ô ÃÏÎÓÉÓÔÅÄ ÏÆ a cooled 12-bit b/w CCD camera, a 

trigger box, and the respective software for defining and controlling imaging parameters, as well as for 

ÉÍÁÇÅ ÐÒÏÃÅÓÓÉÎÇȢ 4ÈÅ ÃÁÍÅÒÁ ×ÁÓ ÃÏÍÂÉÎÅÄ ×ÉÔÈ Á ÐÕÌÓÁÂÌÅ ȰΪΦΫ-66-άΦȱ 405 nm LED from Roithner 

Lasertechnik (Vienna, !ÕÓÔÒÉÁɊȢ 4ÈÅ ÅØÃÉÔÁÔÉÏÎ ÌÉÇÈÔ ×ÁÓ ÆÉÌÔÅÒÅÄ ÔÈÒÏÕÇÈ Á Ȱ"'ΧΨȱ ÅØÃÉÔÁÔÉÏÎ ÆÉÌÔÅÒ 

(Schott; Mainz, Germany). Emission filters were adapted to the luminescent dye and are mentioned 

below in the TSP- and PSP-specific setup section. The residual instrumentations for temperature 

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

Setup for TSP Imaging 

A schematic drawing of the experimental setup for temperature imaging on quartz disks is shown in 

Fig. 3ɀ24. The imaging instrumentation comprises the 405 nm excitation LED (E) with BG 12 excitation 

filter (F), a cooled CCD camera (G) with a D610/60M band-pass emission filter (H) (Chroma; Rockingham, 
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VT, USA), and a trigger box (A). The latter is connected with a PC and triggers the LED excitation with 

the CCD shutter, based on the settings in the imaging software. 

 

 

Fig. 3ɀ24 Experimental setup for FLIM of a temperature-sensitive probe on an oscillating quartz 
resonator with (A) trigger box, (B) oscilloscope, (C) voltage supply, (D) temperature control, (E) 
LED, (F) BG 12 excitation filter, (G) cooled CCD camera, (H) D610/60M emission filter, and (I) 
calibration chamber with optical window. In the miniaturized QCM chamber the TSP-coated 
quartz disk (N) is sandwiched between two PDMS mats with circular holes (O). A glass slide (J) on 
the top PDMS mat forms a narrow cavity (K) above the quartz. The whole QCM chamber is held 
together by two fixing clamps (P), and the quartz electrodes were electrically addressed via 
conductive silver paint (M) and copper wires (L). 

In order to be able to do temperature imaging and oscillation analysis of the quartz resonator together, 

a custom-made miniaturized QCM chamber was developed, in which the quartz disk was mounted and 

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

small temperature-controlled calibration chamber (I), which comprised an optical window that was 

transparent for excitation as well as for emission light. Temperature control (D) was 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 

temperature of the calibration chamber ×ÁÓ ÃÏÎÔÒÏÌÌÅÄ ÂÙ ÁÎ Ȱ%ΧΦΦ Ͻ 2%ΧΦΪȱ ÔÈÅÒÍÏÓÔÁÔ ɉ,ÁÕÄÁȠ ,ÁÕÄÁ-

Königshofen, Germany). A temperature sensor was additionally introduced inside the calibration 

chamber for temperature control. An exploded view drawing of the miniaturized QCM chamber is shown 

on the right hand side in Fig. 3ɀ24. The QCM chamber consists of two PDMS mats (O), with a circular 

hole in the middle (Ø = 11 mm), where the TSP-coated quartz disk (N) was mounted in between. The 

0$-3 ÍÁÔÓ ×ÅÒÅ ÐÒÅÐÁÒÅÄ ×ÉÔÈ Ȱ3ÙÌÇÁÒÄΉ ΧήΨ ÓÉÌÉÃÏÎÅ ÅÌÁÓÔÏÍÅÒ ËÉÔȱ ɉ$Ï× #ÏÒÎÉÎÇȠ -ÉÄÌÁÎÄȟ -)ȟ 53!ɊȢ 

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 pressure of the fixing clamps 

(P) over the entire quartz on the other hand. By this, a strain-less 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 silver paint 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 

ÃÏÒÒÅÓÐÏÎÄÉÎÇ ÅÌÅÃÔÒÏÎÉÃÓ ɉ#Ɋȟ ×ÈÉÃÈ ×ÁÓ Á ȰΩΩΧΨΦ! ΧΫ -(Ú &ÕÎÃÔÉÏÎȾ !ÒÂÉÔÒÁÒÙ 7ÁÖÅÆÏÒÍ 'ÅÎÅÒÁÔÏÒȱ 

(Hewlett-Packard; Palo Alto, CA, USA). With this, the quartz could be forced to oscillation, by applying a 
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ÓÉÎÕÓÏÉÄÁÌ !# ÖÏÌÔÁÇÅ ÏÆ ÄÅÆÉÎÅÄ ÆÒÅÑÕÅÎÃÙ ÁÎÄ ÁÍÐÌÉÔÕÄÅȢ !ÄÄÉÔÉÏÎÁÌÌÙȟ ÁÎ ȰÏÓÃÉÌÌÏÓÃÏÐÅ (- ΧΦΦΫȱ 

(HAMEG; Frankfurt/ Main, Germany) was switched in between, via a switchable resistance in series, for 

checking the current flow in the network and thus the resonance frequency of the quartz crystal (B). The 

whole setup was placed in a dark room, as light pollution had to be avoided during the imaging. A picture 

of the TSP imaging setup is shown in SI 6 (p. 264) 

Setup for PSP Imaging 

The PSP imaging setup and the instrumentation needed for the oxygen calibration of the PSP are 

illustrated in Fig. 3ɀ25Ȣ )Ô ÃÏÍÐÒÉÓÅÓ Á ÐÅÒÓÏÎÁÌ ÃÏÍÐÕÔÅÒ ×ÉÔÈ ÔÈÅ Ȱ)ÍÁÇÅØ 4'Éȱ ÓÏÆÔ×ÁÒÅ ÆÏÒ ÃÏÎÔÒÏÌÌÉÎÇ 

the LED excitation light pulse (H) and the shutter of the CCD camera (D) via the trigger box (A). For 

calibration of the PSP film, defined partial pressures of oxygen were streamed over the sensor, controlled 

by a gas mixing device (B). In order to avoid temperature-quenching effects, the sensor was placed in a 

chamber (F) with temperature control (C). The LED excitation light was filtered through a BG12 filter (G), 

and fluorescence emission of the PtTFPP was filtered through a 630/75 band-pass filter (E). The vertical 

arrangement of the imaging components comprised some advantages. Using this arrangement, the 

camera could be brought as close as possible to the sensor surface without steric hindrance of the 

excitation light source, for the purpose of maximizing lateral resolution along the imaged surface. 

Illumination 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 

ÆÕÒÔÈÅÒ ÒÅÆÉÎÅÄ ÂÙ ÍÏÕÎÔÉÎÇ ÔÈÅ ##$ ÃÁÍÅÒÁ ÏÎ ÔÈÅ ÃÁÍÅÒÁ ÐÏÒÔ ÏÆ ÁÎ Ȱ!ØÉÏÔÅÃÈ ÖÁÒÉÏȱ ÕÐÒÉÇÈÔ 

microscope (Carl Zeiss Microscopy GmbH; Jena, Germany) and using a 5-fold objective from Zeiss (EC 

Epiplan-NEOFLUAR, 5x/ 0.13 HD, working distance = 14.5 mm) for magnification. A picture of the PSP 

imaging setup with microscope is shown in SI 7 (p. 264). By this integration, the time-gated imaging 

setup was combined with the magnification properties of a microscope, resulting in an improved lateral 

resolution of the lifetime images. 

 

 

Fig. 3ɀ25 Experimental setup for FLIM of an oxygen-sensitive probe. (A) Trigger box, (B) gas 
mixing device, (C) temperature control, (D) cooled CCD camera, (E) 630/75 emission filter, (F) 
temperature calibration chamber, (G) BG 12 excitation filter, (H) pulseable 405 nm LED. A small 
petri dish with sealed lid (I) served as measurement chamber for the PSP-coated glass substrate 
(K), immersed in a liquid (L). For calibration of the PSP with defined partial pressures of oxygen, 
the petri dish was equipped with a hose for gas inlet (J), coming from the gas mixing device, and 
with an opposing small hole for gas outlet (M). 
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Calibrations of PSP-coated glass disks were performed in a modified small petri dish (I) (enlarged in 

Fig. 3ɀ25). The lid of the petri dish was sealed, in order to avoid air (oxygen) diffusion into the chamber. 

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 oxygen pO2 could be flowed over the PSP-coated substrate (K), for calibration under liquid 

or air (L). 

Software 

For all ÉÍÁÇÉÎÇ ÍÅÁÓÕÒÅÍÅÎÔÓ ÔÈÅ ÓÏÆÔ×ÁÒÅ Ȱ)ÍÁÇÅ8 4'É ÖΪȢΦȱ ×ÁÓ ÕÓÅÄ ɉ0ÈÏÔÏÎÉÃ 2ÅÓÅÁÒÃÈ 3ÙÓÔÅÍÓȠ 

Newhaven, UK). It allowed to individually control the exposure time and the time gating settings for up 

to 16 consecutive images of an image series. The time gating settings for the temperature- and oxygen-

sensitive probes are listed in Tab. 3ɀ7.  

The settings were adjusted in a way that gate A1 and gate A2 were measured in consecutive images (cf. 

RLD in Fig. 3ɀ22). Since the software allowed taking automatically 15 images in series, seven pairs of ὃ-

ὃ  images and one blank image, where excitation light was not switched on and thus background 

fluorescence was measured, were taken in one series of images. First, three  ὃ-ὃ  pairs were taken 

(images 1 ɀ 6), followed by a blank image (image 7) and again four pairs of  ὃ  and ὃ  images 

(images 8 ɀ 15). The images were processed with a software-integrated maths-script editor for image 

calculations. The software also provided an area-tool with which regions of interest (ROIs) were defined 

in the recorded images and which displayed the integrated intensity value for each ROI. Single images 

were exported as 16-bit TIFF files and further processed with the image editing software ImageJ [330,331] 

(developed by Wayne Rasband at the National Institutes of Health, USA). 

Tab. 3ɀ7 Time gating parameters for FLIM (RLD method) of the temperature sensitive-probes 
Eu(dnm)3(topo)2 and Eu(benzac)3(phen), and the oxygen-sensitive probe PtTFPP. 

 Eu(dnm)3(topo)2 Eu(benzac)3(phen) PtTFPP 

Excitation pulse/ µs 400 400 100 

Delay A1 (ὸ)/ µs 1 1 1 

Width A1 (ɝὸ)/ µs 80 120 40 

Delay A2 (ὸ) /µs 41 241 21 

Width A2 (ɝὸ) /µs 80 120 40 

Exposure time/ ms 1000 ɀ 2100 2100 1500 ɀ 2000 

Exposure frequency/ Hz 1000 1000 5000 
 

Experimental Implementation of T and pO2 Lifetim e Imaging 

Temperature Imaging on 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. 3ɀ13). 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 temperature imaging experiments. Moreover, it was needed for the determination of 
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the TSP thickness on the quartz, according to the Sauerbrey relationship (Eq. (23)). QCM readings were 

performed, according to the experimental procedure described in subsection 3.3.3 (p. 45 ff.). The TSP-

coated quartz disc was then mounted in the miniaturized QCM chamber for temperature imaging (Fig. 3ɀ

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 custom-made chamber, since the different 

mountings might have an influence on the oscillation. When temperature under liquid loading of the 

quartz resonator was to be investigated, the small cavity between the quartz and the glass slide (Fig. 3ɀ

24 K) was filled with 550 µL PBS buffer. The impedance spectrum of the quartz under liquid loading was 

then recorded, too. Afterwards, the QCM chamber was placed in the calibration chamber and connected 

with the frequency generator, according to Fig. 3ɀ24. For temperature imaging of the oscillating quartz, 

a constant ambient temperature of 20 °C or 37 °C was adjusted in the calibration chamber. The 

equilibration duration was Ḑ 20 min for measurements in air (at 20 °C), and >45 min for measurements 

of the resonator in liquid (at 20 °C and at 37 °C). The quartz was forced to oscillation at its resonance 

frequency and at increasing voltage amplitudes in the range of 0.15 ɀ 10 V. The quartz oscillated at least 

for 15 min at the specified voltage before imaging the luminescence lifetime of the TSP on the resonator. 

Additionally to that, the temperature was also imaged at 10 6 ÁÔ ÁÎ ȰÏÆÆ ÒÅÓÏÎÁÎÃÅȱ ÄÒÉÖÉÎÇ ÆÒÅÑÕÅÎÃÙȟ 

which means at a frequency that was shifted by Ͼ30 kHz (Ͼ100 kHz) from the resonance frequency. The 

applied gate settings for image acquisition are listed in Tab. 3ɀ7. 

For calibration of a TSP, its fluorescence lifetime was imaged for a range of defined temperatures. This 

was 10 ɀ 55 °C for TSP imaging of the quartz oscillation in air (at 20 °C). For TSP imaging of the quartz 

oscillation under liquid loading, the temperatures for calibration were confined to 19.5 ɀ 23.5 °C (for 

imaging at 20 °C) and to 36.5 ɀ 40.5 °C (for imaging at 37 °C). 

Oxygen Imaging beneath Confluent Cell Layers 

After PSP-coating and drying, the cover glasses were fixed at the bottom of a petri dish using silicon glue. 

The substrates were sterilized in an argon plasma for 1 min and the polymer was allowed to swell in 

serum-free medium under sterile conditions in an incubator (37 °C, 5 % CO2) for at least 20 h. Cells were 

seeded in the petri dish (Ø = 9.04 cm2) with the PSP-coated substrate at a seeding density of 

450 000 cells/ cm2. The day after seeding cells, cell coverage of 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 after washing twice, 

the petri dish was completely filled with 10 mL of PBS++, supplemented with 1 g/ L glucose (PBS++/Glu). 

The petri dish was subsequently sealed with the lid, which possessed a small hole for liquid exchange. 

The sensor chamber with the PSP- and cell-covered substrate was placed in a temperature-controlled 

chamber (37 °C) for FLIM. Injection of a test substance that was tested for its impact on cellular oxygen 

consumption was performed via a syringe with cannula, by replacing 5 mL PBS++/Glu by 5 mL of a pre-

warmed test solution, double-concentrated in PBS++/Glu. The time gate settings for image acquisition 

are listed in Tab. 3ɀ7. 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 hose. This was 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 streamed through the 

chamber until an oxygen equilibration between air and liquid as well as liquid and sensor matrix was 
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achieved. The total pressure of the gas flow was set to 1 bar, and the oxygen partial pressure was adjusted 

to pO2 = 0 ɀ 1000 mbar, whereas the complementary gas was either argon (Ar) or nitrogen (N2). In cases 

of sensor calibration after a cell experiment, the cells were previously removed from the sensor surface 

by rinsing twice with PBSϾϾ, and subsequent EDTA/ trypsinization treatment. 

Data processing 

FLIM of the TSP 

For each imaging time, seven ὃ  images and seven ὃ  images, as well as one blank image ὃ  were 

obtained. Thereby, ὃ (ὃ) represented the integrated intensity image of gate A1 (A2) in the decay phase 

of the fluorophore (Fig. 3ɀ22), and  ὃ  is an integrated intensity image without previous excitation 

(background fluorescence). ὃ, ὃ , and ὃ  images of one image series were subsequently processed by 

using the software-integrated maths-script editor for image calculations. Following this procedure, 

images were firstly background corrected by subtracting  ὃ  from all 14  ὃ  and  ὃ  images (SI 8, Maths 

Script #1, p. 265). Using the area-tool 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 on these values, the ratio ὃȾὃ  was calculated for each of the 

seven consecutively measured pairs of ὃ and ὃ . Hence, seven ὃȾὃ  ratios were obtained, which were 

subsequently averaged. Calibration data points were fitted either linearly (calibrations in liquid) or by an 

exponential fitting function (calibrations in air), dependent on the temperature range. Based on the 

obtained temperature-ὃȾὃ  relationships, the temperature value was calculated for ὃȾὃ  ratios of an 

imaging experiment. All experiments 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 oxygen-sensitive probe is calculated from 15 

individually taken lifetime images. Intensity images of gate A1 and gate A2 were photographed 

consecutively three times. Afterwards, a blank image ὃ  (FLIM w/o excitation) was taken, followed by 

another four times of FLIM of ὃ  and ὃ . The recorded images ὃ , ὃ , and ὃ  were subsequently 

processed by using the Imagex TGi software-integrated math script for image calculations (SI 8, Maths 

Script #2). Each image ὃ and ὃ  was at first corrected by the blank image ὃ , followed by averaging all 

seven corrected images of ὃ and ὃ , respectively. The averaging was implemented in the math script 

by firstly multiplying each ὃ (ὃ) image with 1/7 and by subsequently summing up these seven ὃ (ὃ) 

images. In the last step the ratio ὃȾὃ  is calculated with the respective averaged images of ὃ and ὃ . 

ὃȾὃ  values obtained from calibration measurements were plotted as a function of oxygen pressure 

and data points were fitted by a suitable mathematical function that describes the relationship best 

(highest coefficient of determination, R2), however does not follow a theoretical model. The obtained 

oxygen-ὃȾὃ  correlation was used for converting ὃȾὃ  ratios from cell experiments into respective 

oxygen concentrations. 

It is important to note that the obtained oxygen concentrations and molar fractions are related to the 

gas composition in the headspace of the sensor. In order to obtain the actual oxygen concentrations in 

ÔÈÅ ÌÉÑÕÉÄȟ (ÅÎÒÙȭÓ ÌÁ× ÈÁÓ ÔÏ ÂÅ ÁÐÐÌÉÅÄȢ (Ï×ÅÖÅÒȟ ÉÔ ÈÁÓ ÔÏ ÂÅ ÁÄÁÐÔÅÄ ÄÕÅ ÔÏ ÔÈÅ ÄÅÖÉÁÔÉÏÎÓ ÆÒÏÍ 

standard conditions, regarding temperature (37 °C instead of 20 °C) and electrolyte concentration (PBS++ 

buffer instead of water). 
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3.6 Light Microscopic Techniques 

Different light microscopy techniques were used in this work, comprising stereo microscopy, phase-

contrast microscopy, and the luminescence-based epi-fluorescence microscopy and confocal laser 

scanning microscopy (CLSM). Light microscopy was used for controlling the properties of experimental 

surface structures and for the validation and documentation of cell cultures under test. For 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 luminescence-based microscopy was utilized for 

supporting conclusions from ECIS- and QCM-measurements. An overview on the microscopes used in 

this work and the respective specifications is listed in Tab. 3ɀ8.  

Tab. 3ɀ8 List of light microscopes that were used in this work. 

Microscope Setup Microscopic Method Objectives* 

Nikon Diaphot inverted Phase-Contrast 
Epi-Fluorescence 

Plan 4x/ 0.13, PhL 
Plan 10x/ 0.25, Ph1 
Plan 20x/ 0.40, Ph2 

Nikon Eclipse 90i upright Phase-Contrast 
Epi-Fluorescence 
CLSM 

0ÌÁÎ ΧΦØȾ ΦȢΨΫȟ 0ÈΧȟ ЌȾ-, WD 10.5 
0ÌÁÎ ΨΦØȾ ΦȢΪΦȟ 0ÈΧȟ ЌȾΦȢΧέȟ 7$ ΧȢΨ 
,5 0ÌÁÎ %,7$ ΫΦØȾ ΦȢΫΫ "ȟ ЌȾΦȟ %0) 
.)2 !ÐÏ άΦØȾ ΧȢΦ7ȟ $)# .Ψȟ ЌȾΦȟ 7$ ΨȢή 

Nikon SMZ 1500 upright Stereo Plan 1x 

*type and magnification/ NA, immersion, contrast method, lens tube length/cover 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 of cellular structures with luminescent molecules allowed for their analysis by epi-fluorescence 

microscopy as well as by CLSM. 

3.6.1 Phase-Contrast Microscopy 

The principle of making thin, almost transparent, and unstained objects visible by phase-contrast 

microscopy was first described by Zernike, 1934.[332] By nature, the human eye can only distinguish 

between structures that have a different color (variations in wave frequency) or which differ sufficiently 

in light intensity (variations in wave amplitude). However, very thin specimens like cells, of only 1 ɀ  10 µm 

in height, absorb almost no visible light. Such specimens show almost 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 (ὅ) is defined as the difference of background intensity (Ὅ) and specimen intensity (Ὅ), related 

to the overall background intensity: 

ὅ
Ὅ Ὅ

Ὅ
Ͻρππ Ϸ  (56) 
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Cells absorb not enough light, to reduce the 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 non-diffracted direct background light. Hence, the diffracted 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 shift ‏ is a function of the wavelength ‗ of the incident light, of the 

thickness ὸ of the object, and of the refractive index difference between the specimen (ὲ) and the 

surrounding medium (ὲ). The correlation is given by:  

‏ ς“
Ў

‗
ς“
ὲ ὲ Ͻὸ

‗
 (57) 

where  ὲϽὸ  is the optical path length (OPL) in a medium  Ὥ, and  Ў ὲ ὲ Ͻὸ  is referred to as the 

optical path difference (OPD) between specimen and surrounding medium. The phase shift caused by a 

cell layer immersed in medium can be approximated to “ςϳ  (Ў ‗τϳ ; with ὸ = 5 µm, ὲ  = 1.36, 

ὲ = 1.335, and ‗ = 500 nm (green light)). 

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

light in the image plane, resulting in an enhanced contrast of the image. For obtaining phase-contrast 

images two optically conjugated components have to be placed in the light beam of a brightfield 

microscope, a condenser annulus between light source and specimen, and a phase plate in the rear focal 

plane of the objective (Fig. 3ɀ26). The condenser annulus causes a separation of diffracted and 

undeviated light emerging from the specimen in the objective rear focal plane. 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 phase plate unaltered. The phase of the surrounding light is either advanced (positive/ dark phase-

contrast) or retarded (negative/ bright phase-contrast) by  Ў ‗τϳ , 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 180 ° (destructive interference) or zero degrees (constructive interference) 

with each other. Focused in the image plane, the interferences of the reunited light beams generate a 

phase-contrast image of the specimen, which can be observed in the ocular. For instance, a destructive 

interference of diffracted and direct light let the details of the specimen appear dark against the brighter 

background (positive/ dark phase-contrast).[333ɀ335] 

 

 

Fig. 3ɀ26 Schematic illustration of the crucial components in a phase-contrast microscope 
together with the light path necessary to generate a phase-contrast image of a specimen in the 
image plane (modified after [333]). The undeviated light path is shown in yellow and light that is 
deflected when passing through the specimen is illustrated in red. 
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3.6.2 Stereomicroscopy 

Stereomicroscopes aim to generate a three-dimensional view of a given specimen. This makes it superior 

to other microscopic techniques in applications where a 3-D-observation and 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 2 ɀ 20 cm, which provides a comfortable working room between the specimen and the 

objective. 

When observing a specimen through the eyepieces of a stereomicroscope, two separate light paths from 

the objective to the eyepieces provide the spatial impression and the perception of depth. The two 

pathways collect light from the specimen in slightly different angles (10 ɀ 20 °). Thus, the objective is 

observed through the left and the right eyepiece from slightly different perspectives. Due to the human 

ability of stereoscopic viewing, the brain is able to combine these two marginally different pictures of the 

object under observation to one three-dimensional picture with spatial depth.  

)Î ÔÈÉÓ ×ÏÒË Á Ȱ3-: ΧΫΦΦȱ ÓÔÅÒÅÏÍÉÃÒÏÓÃÏÐÅ ɉ.ÉËÏÎȠ 4ÏËÙÏȟ *ÁÐÁÎɊ ×ÉÔÈ ÚÏÏÍ ÆÁÃÔÏÒ ÒÁÎÇÅ ÏÆ Φ.75 ɀ

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 (Nikon C-W 10xB/22), and by using the 

ÍÁØÉÍÕÍ ÚÏÏÍ ÆÁÃÔÏÒ ÏÆ ΧΧȢΨΫØȢ 7ÉÔÈ ÔÈÅ ÍÉÃÒÏÓÃÏÐÅÓȭ specifications, depth of field values/ numerical 

apertures between 26 µm/ 0.131 (zoom factor 11.25x) and 1.345 mm/ 0.023 (zoom factor 0.75x) were 

obtained. The stereomicroscope was equipped with a Nikon Coolpix 990 camera for digital imaging and 

documentation.[336,337] 

3.6.3 Fluorescence Microscopy 

Fluorescence microscopy is routinely used in bio-analytical sciences and has become an indispensable 

technique for studying the structural properties of cells. There are different strategies how fluorescence 

can be utilized for investigations of cells by means of fluorescence microscopy. One approach is based 

on the specific binding of probe molecules towards 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 probe can be directed to the subcellular structure of interest. The localization of the specific 

molecules and, consequently, of the subcellular 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 fluorescence-labeled antibodies that specifically bind to the 

corresponding antigens in the cell (immunostaining). Another strategy aims on the in situ generation of 

fluorescent molecules in the cells. For instance, the absorption and emission spectra of a certain class of 

molecules is altered by intercalation in the DNA helix in a way that they show fluorescence emission in 

the visible range. Moreover, fluorophores can be generated within cells by employing enzymes. In an 

enzymatic reaction, a fluorescent dye can be formed from a non-fluorescent 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 and fluorescence emission were previously described in section 

3.5.1 (p. 62). Most fluorescence microscopes are used in reflected-light 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 microscope in Fig. 3ɀ27, with excitation and luminescence 

detection of the object from 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 filter (Fig. 3ɀ27). 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 redundant wavelengths 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 short-wavelength 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) filter, the emitted fluorescence is focused in the image 

plane. The 2-D 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 in Tab. 3ɀ9. 

Tab. 3ɀ9 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 spectral 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 pseudo-color presentation of the fluorescence images. 

Filter set Excitation filter/ nm Dichroitic mirror/ nm Barrier filter/ nm Channel color 

Nikon UV-2E/C  (DAPI) 340 ɀ 380 400 435 ɀ 485 blue 

Nikon    B-2E/C  (FITC) 465 ɀ 495 505 515 ɀ 555 green 

Nikon    G-2E/C  (TRITC) * 540/ 25 565 605/ 55 red 

* the used barrier filter deviates from that in the original Nikon G-2E/C filter set, which contains a 620/60 nm bandpass filter. 
 

 

 
Fig. 3ɀ27 Schematic illustration of the excitation and emission beam path through the filters of 
an epifluorescence microscope. The excitation filter cuts off long-wavelength light coming from 
the polychromatic light source (indicated by the blue, yellow, and red arrow). At the dichroitic 
mirror, the excitation light is reflected to the specimen (blue arrow). The induced fluorescence 
emission (green arrow) passes the DM, since it is transparent for long-wavelength light. The 
fluorescence light is finally guided through an emission filter and focused in the image plane. 
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3.6.4 Confocal Laser Scanning Microscopy (CLSM) 

The main characteristic of a confocal laser scanning microscope (CLSM) is the punctual scanning of 

fluorescence excitataion, which is in contrast to the wide-field 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 out-of-focus plane is suppressed by pinhole 

apertures in the light path. Hence, CLSM images exhibit a better resolution compared to fluorescence 

images obtained by wide-field fluorescence microscopy. Collecting the fluorescence from defined optical 

planes in CLSM also allows for recording the fluorescence in optical sections, so-called z-stacks, from 

different focal planes of the specimen under investigation. After recording, the optical sections can be 

re-assembled to a three-dimensional fluorescence image of the object on the computer. However, CLSM 

images cannot be instantaneously observed in the eyepieces like in wide-field fluorescence microscopy. 

The fluorescence image in CLSM is acquired by scanning point by point 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 two-dimensional fluorescence image 

with the CLSM software on the computer. 

The components and the optical path in a basic confocal laser scanning microscope are schematically 

illustrated in Fig. 3ɀ28. The discrimination of fluorescence light in the focal plane from fluorescence 

emission out-of-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 the in-focus plane can pass the pinhole. Thus, it 

can be detected by the PMT. Fluorescence light coming from the out-of-focus plane is not focused on 

the pinhole by the optics in the microscope. Hence, the out-of-focus photons do not pass the pinhole 

aperture to be detected by the PMT and, consequently, do not contribute to the final fluorescence image. 

Thus, background fluorescence is almost completely separated, resulting in high-resolution images of 

fluorescently labeled structures of the cell. 

 

 

Fig. 3ɀ28 Schematic drawing of the components, and the light path in a basic confocal laser 
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 out-of-focus fluorescence emission from the specimen at the PMT. 
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By increasing the pinhole diameter, the thickness of the focal plane from which fluorescence light is 

collected is increased. This causes an increase in the PMT current, higher fluorescence intensity, and 

consequently a better signal-to-noise ratio. However, an increasing pinhole diameter is accompanied by 

a loss in resolution and an increase in the depth of field.[338ɀ340] The confocal microscope (Nikon Eclipse 

90i) was equipped with three different lasers, which allowed for excitation of fluorophores in the UV 

(405 nm), blue (488 nm), and green (543 nm) range of the electromagnetic spectrum. Fluorescence 

emission was 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. 3ɀ10 provides an overview on the cellular components, which were stained in this work, 

together with the probes used for staining and their spectral properties. The specified channel color in 

Tab. 3ɀ10 indicates the spectral range in which the emission filter is transparent for light. In laser scanning 

microscopy fluorescence light is recorded by photon counting and the emission filter in the optical path 

solely provides spectral discrimination. Hence, the 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 pseudo-colorized on the computer with the 

respective channel color. In the following subsections, the experimental cytochemical staining protocols 

will be explained. 

Tab. 3ɀ10 Overview on cell structures and probes used for staining. For each dye the 
wavelengths of the absorption (Abs) and the emission (Em) maximum is listed. The channel color 
indicates the spectral range of the emission and denotes the colorization of greyscale images for 
pseudo-color presentation. 

Stained Cell Structure Probe(s) Abs/ nm Em/ nm Channel color 

Nuclei/ DNA DAPI 360 460 blue 

Cytoplasm (Live) Calcein AM 494 517 green 

Nuclei/ DNA (Dead) Ethidium Homodimer-1 528 617 red 

Actin Filaments Alexa Fluor® 488 phalloidin 495 518 green 

 TRITC phalloidin 544 572 red 

Tight Junctions (ZO-1) ZO-1 mouse monoclonal antibody  
+ Alexa Fluor® 546 rabbit anti-mouse IgG (H+L) 

556 573 red 

 

Nucleus Staining (DAPI) 

The nuclei of cells were visualized by the DNA-ÂÉÎÄÉÎÇ ÄÙÅ Ϊȭȟά-diamidin-2-phenylindol (DAPI). The 

fluorescence emission intensity of DAPI is drastically increased (Ḑ 20-fold) by its binding to AT clusters 

in the minor groove of a double-stranded DNA. DAPI can be excited by a mercury lamp or an UV laser, 

since it shows a broad absorption spectrum between 320 ɀ 380 nm, with an absorption maximum at 

360 nm.[341,342] Fluorescence occurs in the visible blue range ×ÉÔÈ ÁÎ ÅÍÉÓÓÉÏÎ ÍÁØÉÍÕÍ ÁÔ ʇEm = 460 nm. 

A DAPI stock solution (Sigma-Aldrich; St. Louis, MO, USA) of 100 ng/ mL was prepared in deionized 

water for nuclei staining of adherently grown NRK or MDCK-II cells. The cells were fixed and 

permeabilized prior to staining, since DAPI exhibits only low membrane permeability. Fixation was 
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performed at room temperature (RT) by incubating the cells for 10 min with 4 % (w/v) paraformaldehyde 

(PFA) in PBS++, followed by twofold washing with PBS++. Cells were subsequently permeabilized by 

incubation with 0.2 % (v/v) Triton-X-100 in PBS++ for 10 min at RT. After two washing steps with PBS++, 

the cellular dsDNA was stained by incubating the cells with a 1:10 dilution (in PBS++) of the DAPI stock 

solution (10 ng/ mL) for 2 min at RT. Unbound DAPI was removed by washing the cells three times with 

PBS++. DAPI was used as blue-emitting counterstain in combination with a green or/and a red emitting 

staining of other cellular structures. 

Actin Cytoskeleton Staining (phalloidin) 

PhÁÌÌÏÉÄÉÎ ÉÓ Á ÔÏØÉÎ ÆÒÏÍ ÔÈÅ ÐÏÉÓÏÎÏÕÓ ȰÄÅÁÔÈ ÃÁÐȱ ÍÕÓÈÒÏÏÍ ɉAmanita phalloides). It is known to bind 

specifically to filamentous actin (f-actin), whereas it exhibits a much lower binding affinity to monomeric 

actin. The phallotoxin stabilizes f-actin and inhibits 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 phalloidin molecules. The actin 

cytoskeleton in the cells then can be visualized and imaged by exciting the phalloidin-linked dye and 

recording its emission with a fluorescence microscope.[343,344] Two differently labeled phalloidins were 

used for f-ÁÃÔÉÎ ÓÔÁÉÎÉÎÇ ÉÎ ÃÅÌÌÓȢ Ȱ!ÌÅØÁ &ÌÕÏÒΉ Ϊήή ÐÈÁÌÌÏÉÄÉÎȱ ɉ,ÉÆÅ 4ÅÃÈÎÏÌÏÇÉÅÓȠ #ÁÒÌÓÂÁÄȟ #!ȟ 53!Ɋ 

served as green-emitting phalloidin derivative ɉʇExc = 495 ÎÍȾ ʇEm = 518 nm), whereas TRITC-phalloidin 

(Sigma-Aldrich; St. Louis, MO, USA) was applied as red-emitting f-ÁÃÔÉÎ ÍÁÒËÅÒ ɉʇExc = 544 nm/ 

ʇEm = 572 nm). 

Tab. 3ɀ11 Protocol to stain for f-actin (TRITC-phalloidin) and DNA/ nuclei (DAPI). 

 Step Rerun Volume Solution Duration Temp. 

1 Washing 2x 500 µL PBS++   

2 Fixation  500 µL PFA, 4 % (w/v) in PBS++ 10 min RT 

3 Washing 2x 500 µL PBS++   

4 Permeabilization  500 µL Triton-X-100, 0.2 % (v/v) in PBS++ 10 min RT 

5 Washing 2x 500 µL PBS++   

6 Transfer of cover glasses (12-well-plate Ą Parafilm) 

7 Actin staining  200 µL TRITC-phalloidin, 3 µg/ mL in PBS++  45 min RT 

8 Washing 4x 200 µL PBS++   

9 Nuclei staining  200 µL DAPI, 1:10 in PBS++ 2 min RT 

10 Washing 3x 200 µL PBS++   

11 Transfer of cover glasses (Parafilm Ą petri dish (Ø = 9.04 cm2)) 

12 Immersion  > 2 mL PBS++   

13 Storage    1 ɀ 2 weeks 6 °C 
 

Actin cytoskeleton labeling of either NRK or MDCK-II cells with TRITC-phalloidin was performed 

according to the staining protocol in Tab. 3ɀ11. Cells were grown on small disc-shaped cover glasses in 

the wells of a 12-well tissue culture plate to investigate the stimulus of interest. Prior to staining, the 

stimulated cells were fixed and permeabilized, according to steps 1 ɀ 5 in Tab. 3ɀ11. 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 solution on the cover glasses without spreading. 

Hence, volumes of the staining solutions could be minimized to 200 µL. Actin staining was performed by 

incubating the cells on each cover glass with 3 µg/ mL of TRITC-phalloidin (in PBS++) for 45 min at ambient 

temperature. Unbound phalloidin was removed by washing the cell layer four times with PBS++ buffer. 

The protocol includes a blue-emitting counterstaining of the nuclei by DAPI, subsequent to the f-actin 

staining step. This was performed by incubating the cells with 200 µL of a 1:10 dilution (in PBS++) of the 

DAPI stock solution (c0 = 10 ng/ mL). After f-actin and nuclei staining, the cover glasses were placed in 

small petri dishes, and immersed with buffer. Microscopic (Nikon Eclipse 90i) observation was performed 

by means of a 60x water-immersion objective. If protected from light and immersed under liquid, the 

stained samples could be stored in the fridge for 1 ɀ 2 weeks prior to the examination by microscopy. 

F-actin staining of cells with the green-fluoresÅÃÅÎÔ Ȱ!ÌÅØÁ &ÌÕÏÒΉ Ϊήή ÐÈÁÌÌÏÉÄÉÎȱ ×ÁÓ ÁÐÐÌÉÅÄ ÉÎ Á ÔÈÒÅÅ-

color staining together with DAPI (blue channel) and an orange-emitting (red channel) anti-ZO-1 staining 

(see Tight Junction Staining below and Tab. 3ɀ12). 

Tight Junction Staining (ZO-1 Immunostaining) 

ZO-1 is a peripheral membrane protein that is, besides ZO-2, occluding, and the members of the claudin 

family, a major component of tight junctions (zonula occludens) in endothelia and epithelia of 

vertebrates. Tight junctions (TJ) seal the space between neighboring cells and serve as diffusion barrier 

along the paracellular pathways. Moreover, TJ are also responsible for the maintenance of epithelial cell 

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

site of the cells.[345,346] They are accessible to fluorescence microscopic examinations by a two-step 

immunostaining of the ZO-Χ ÐÒÏÔÅÉÎȢ &ÉÒÓÔÌÙȟ Á Ȱ:/-Χ ÍÏÕÓÅ ÍÏÎÏÃÌÏÎÁÌ ÁÎÔÉÂÏÄÙȱ ɉ,ÉÆÅ 4ÅÃÈÎÏÌÏÇÉÅÓȠ 

Carlsbad, CA, USA) was added to the cells. It is known to specifically bind to the ZO-1 protein in TJ. In a 

second incubation step, the fluorescence-ÌÁÂÅÌÅÄȟ ÓÅÃÏÎÄÁÒÙ ÁÎÔÉÂÏÄÙ Ȱ!ÌÅØÁ &ÌÕÏÒΉ ΫΪά ÒÁÂÂÉÔ ÁÎÔÉ-

ÍÏÕÓÅ )Ç' ɉ(Ͻ,Ɋȱ ɉ,ÉÆÅ 4ÅÃÈÎÏÌÏÇÉÅÓȠ #ÁÒÌÓÂÁd, CA, USA) was bound to the monoclonal anti-ZO-1 

antibody. Thus, ZO-1 can be visualized by the fluorescence oÆ ÔÈÅ Ȱ!ÌÅØÁ &ÌÕÏÒΉ ΫΪάȱ ÄÙÅ ɉʇExc = 556 nm/ 

ʇEm = 573 nm), which is detectable in the orange wavelength range.  

The protocol for ZO-1 immunostaining is shown in Tab. 3ɀ12. Staining for ZO-1 was applied in a triple 

staining together with staining for f-ÁÃÔÉÎȟ ÖÉÁ Ȱ!ÌÅØÁ &ÌÕÏÒΉ Ϊήή ÐÈÁÌÌÏÉÄÉÎȱ ɉʇExc = 495 ÎÍȾ ʇEm = 518 nm), 

and staining for $.! ×ÉÔÈ $!0) ɉʇExc = 360 ÎÍȾ ʇEm = 460 nm). The fluorescence emissions of all three 

dyes was separated by the three optical filter sets (cf. Tab. 3ɀ9), and the stained cellular structures were 

individually examined in the blue (DNA/ nuclei), green (f-actin), and red channel (ZO-1/ TJ). Cells were 

seeded in self-made cell culture wells for staining. These culture vessels were prepared by gluing the 

8-well chamber of 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 could be store for a few days under buffer in the fridge until resuming the staining protocol (steps 

1 ɀ 3 in Tab. 3ɀ12). After the steps of permeabilization and blocking (steps 4 ɀ 6 in Tab. 3ɀ12), the TJ of 

the cells were stained at first. The primary ZO-1 mouse monoclonal antibody was diluted 1:50 in PBS++ 

and was supplemented with 0.5 % (w/v) bovine serum albumin (BSA) before usage. The secondary, dye-

labeled antibody was diluted 1:500 in PBS++ (w/ 0.5 % (w/v) BSA) for incubation. It is noted that steps 

6 ɀ 11 in the staining protocol (Tab. 3ɀ12) were carried out at 37 °C. After TJ immunostaining, the actin 

cytoskeleton was stained (steps 11 ɀ 14), followed by nuclei staining (steps 15, 16). After the final washing 

step of the staining procedure, the wells were filled with 200 µL PBS++ buffer and the 8-well chamber top 

was carefully removed from the bottom of the petri dish. Finally, the petri dish was filled with Ḑ 20 mL 

PBS++ buffer and the triple staining was examined using the 60x water-immersion objective of the CLSM. 
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Tab. 3ɀ12 Protocol to triple stain for tight junctions (ZO-1 mouse monoclonal antibody + Alexa 
Fluor® 546 rabbit anti-mouse IgG (H+L)), Actin filaments (Alexa Fluor® 488 phalloidin), and nuclei 
(DAPI).  

 Step Rerun Volume Solution Duration Temp. 

1 Washing 2x 200 µL PBS++   

2 Fixation  200 µL PFA, 4 % (w/v) in PBS++ 10 min RT 

3 Washing 2x 200 µL PBS++   

 (Storage  400 µL PBS++ 2 weeks 6 °C) 

4 Permeabilization  200 µL Triton-X-100, 0.5 % (v/v) in PBS++ 10 min RT 

5 Washing 2x 200 µL PBS++   

6 Blocking  200 µL BSA, 3 % (w/v) in PBS++ 20 min 37 °C 

7 ZO-1 staining (1)  200 µL ZO-1 mouse monoclonal antibody,  
1:50 in PBS++ w/ 0.5 % (w/v) BSA 

1 h 37 °C 

8 Washing 3x 200 µL PBS++   

9 ZO-1 staining (2)  200 µL Alexa Fluor® 546 rabbit anti-mouse IgG (H+L), 
1:500 in PBS++ w/ 0.5 % (w/v) BSA 

40 min 37 °C 

10 Washing 3x 200 µL PBS++   

11 Actin staining  200 µL Alexa Fluor® 488 phalloidin, 1:40 in PBS++ 45 min 37 °C 

12 Washing 3x 200 µL PBS++   

13 Post-Fixation  200 µL PFA, 4 % (w/v) in PBS++ 10 min RT 

14 Washing 3x 200 µL PBS++   

15 Nuclei staining  200 µL DAPI, 1:10 in PBS++ 2 min RT 

16 Washing 3x 200 µL PBS++   

17 Immersion  Ḑ 20 mL PBS++   
 

Cell Viability Staining (LIVE/DEAD®) 

4ÈÅ Ȱ,)6%Ⱦ$%!$Ή ÖÉÁÂÉÌÉÔÙȾ ÃÙÔÏÔÏØÉÃÉÔÙ ËÉÔȱ ÆÏÒ ÍÁÍÍÁÌÉÁÎ ÃÅÌÌÓ ɉ-ÏÌÅÃÕÌÁÒ 0ÒÏÂÅÓȟ ,ÉÆÅ 4echnologies; 

Carlsbad, CA, USA) was used for testing the viability of cells after an experimental stimulation. The 

live/dead assay is based on the complementary staining of live and dead cells with two fluorescent dyes 

of different color.[347,348] Thereby, cells which are alive are visualized via their esterase activity. The 

enzyme converts the non-fluorescent and membrane-permeable calcein AM into the green-fluorescent 

ÃÁÌÃÅÉÎ ɉʇExc = 494 ÎÍȾ ʇEm = 517 nm), which retains inside living cells. The second dye, ethidium 

homodimer-1 (Ethd-1), is not membrane-permeable due to its multiple positive charges. However, it can 

enter dead or dying cells with a destroyed and leaky plasma membrane. Ethd-1 binds to the DNA, 

supposed by an intercalation process, by which the fluorescence of the molecule undergoes a > 30-fold 

ÅÎÈÁÎÃÅÍÅÎÔ ɉʇExc = 528 ÎÍȾ ʇEm = 617 nm). Thus, living and dead cells can be distinguished and 

examined by fluorescence microscopy in the green and the red emission channel, respectively. 

Live/dead staining of cells was performed by carefully washing the respective cells with pre-warmed 

PBS++ and subsequently adding the staining solution, containing 2 µM calcein AM and 4 µM Ethd-1 in 

PBS++. The cells were incubated for at least 30 min in the dark at 37 °C. After the staining process, the 

cells were washed once with pre-warmed 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 changes (motional impedance and resonance frequency) arising from 

changes of the mechanical properties at the sensor interface, or more precisely within the decay length 

of the acoustic wave (Ḑ 250 nm in water).[349] Such micromechanical changes are used to detect binding 

and detaching events of biomolecules to and from functionalized quartz substrates. The QCM was 

successfully applied in a multitude of biomolecular recognition and molecular interaction studies, like 

DNA/ RNA hybridization and immunosensing.[350] Moreover, the QCM has become a versatile tool in 

cellular bioanalytics. Here, it is used as a label-free, substrate-integrated whole-cell biosensor to detect 

and monitor changes in the micromechanical properties of living, adherent cells.[22,206,209,215,219,231] 

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 been designed. These QCM sensor arrays are also 

referred to as monolithic multichannel quartz crystal microbalances (MQCMs) and aim for multi-

selectivity (by different selective receptors/ ligands immobilized), multi-sensitivity, and multi-dynamic 

range mechanosensing (by sensor spots with different resonance frequencies) in a single measurement 

setup. The main field of MQCMs is their use as a piezoelectric nose (gas sensor) or tongue (chemical 

sensor) [351ɀ355] or as biosensor array [356ɀ359]. Different recognition molecules, receptors and coatings on 

the different sensor spots of a MQCM allow for a label-free and time-resolved multi-component 

detection and analysis of a sample. Moreover, one sensor spot on a MQCM array can be applied as a 

sensor-integrated reference channel for compensation of environmental influences.[360] Besides different 

coatings for multi-component detection, a multiplication of sensor spots also increases the number of 

separate and independent readouts and provides information from different regions of an observed 

system. Hence, the number of measured parameters is multiplied, which results in a better statistical 

validation of the respective quantities.  

In this study, a MQCM sensor with a double-electrode layout on a 5 MHz AT-cut quartz crystal was 

developed, which is referred to as 2-Electrode Quartz (2ElQ) in the following. With this layout, the 

micromechanical interactions of adherent cells with the substrate surface were measured at two 

individual sensor spots. Moreover, the two neighboring, coplanar gold film electrodes on the top side of 

the quartz were used for the integration of ECIS-like measurements on the QCM substrate, without the 

need for an additional dipping electrode introduced from the top (Fig. 3ɀ13, p. 48). This dual whole-cell 

biosensor allowed for multi-parametric, substrate-integrated, label-free, non-invasive, and real-time 

monitoring of adherent cells, thus providing mechanical (viscoelastic) and electrical information 

(electrode coverage, barrier resistance) from the same cell layer at the same time. 

4.1 Layout and Oscillation Properties 

4.1.1 2-Electrode QCM Layout 

As basis for the 2-ElQ sensor layout, a blank, AT-cut 5 MHz quartz crystal disk with a diameter of 14 mm 

was used. A thin film of chromium served as adhesion promoter 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. The technical drawing for the electrode layout is 

shown in Fig. 4ɀ1 A for the top side, and in Fig. 4ɀ1 B for the bottom side of the quartz disk. Fig. 4ɀ1 C 

illustrates a side view of the final 2ElQ resonator. A diameter of 3.5 mm was chosen for each electrode, 
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the distance between the coplanar electrodes was set to 2 mm, and the minimal distance between the 

electrodes and the quartz edge was set to 3.5 mm (Fig. 4ɀ1 A, B).  

The size of the electrodes and their arrangement on the quartz disk were determined considering four 

main boundary conditions in order to achieve unperturbed oscillation properties of the two QCM spots. 

At first, a maximal electrode size has been selected, since the resonating area is inversely proportional to 

the quartz resistance Ὑ  (cf. Eq. (30)), which determines the intrinsic damping (mechanical loss) of the 

ÏÓÃÉÌÌÁÔÏÒȢ !ÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ "6$ ÅÑÕÉÖÁÌÅÎÔ ÃÉÒÃÕÉÔȟ Á ÒÅÄÕÃÔÉÏÎ ÏÆ ÔÈÅ ÒÅÓÏÎÁÔÏÒȭÓ area is reflected in 

higher ȿὤȿ  and lower ȿὤȿ  values (cf. Eqs. (44) and (45)), which means an increased dissipation 

factor and a lowered resonator sensitivity. Moreover, the bigger the electrode area the higher is its area-

to-circumference ratio. This minimizes the contribution of perturbing electrode edge effects to the total 

oscillation properties of the resonator. Third, perturbing influences of the disk edge should be avoided 

by a maximal distance between electrodes and edge. Finally, the inter-electrode 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 electrodes 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 between (Fig. 4ɀ1). The two top side supply lines were conductively 

connected to contact pads on the bottom side via thin gold films on the periphery of the disk (red arrows 

in Fig. 4ɀ1 B, C). Thus, all four electrodes could be individually contacted from the bottom side of the disk 

(arrows in Fig. 4ɀ1 C). For recording the oscillation properties of the two sensor spots on 2ElQs, the self-

made measurement chamber for 1ElQs was applied for quartz mounting, by upgrading it to four spring 

contacts (cf. Fig. 3ɀ18, p. 57). The contact pads were broadened (2 mm in width) in comparison to the 

supply lines (1 mm in width) for the purpose of more tolerance in the arrangement of spring contacts and 

quartz disk. 

 

A: top view B: bottom view C: side view 

  

 

Fig. 4ɀ1 Technical drawing of the 2ElQ electrode layout on a 5 MHz quartz crystal, in (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 side. Black arrows indicate the contact pads of the bottom side electrodes, 
which have no bridging contact to the top side. (C) All four electrodes could be contacted from the 
bottom side at the edges of the disk by electrical supply lines and contact pads. 
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4.1.2 Oscillation in Air 

The 2ElQ was tested for the oscillation properties of the two individual sensor spots, QCM1 and QCM2 

(Fig. 4ɀ2 A). The quartz disk was mounted in the measurement chamber and the motional impedances 

of resonator one (ὤ1#-Χ) and resonator two (ὤ1#-Ψ) in air were consecutively recorded. Impedance spectra 

were recorded around resonance at 150 equidistant frequencies, in a frequency window from 4.97 MHz 

to 5.04 MHz, which results in a frequency resolution of 470 Hz between two measurement points. While 

one resonator was excited to oscillation with a potential of 150 mV for frequency scans the electrodes of 

the neighboring inactive resonator were on floating potential.  
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Fig. 4ɀ2 Impedance data of 5 MHz AT-cut quartz disks with 2ElQ and 1ElQ layout performing 
shear oscillation in air (A). Oscillation properties are shown for both sequentially measured 
resonator spots of a 2ElQ, QCM1 ( ) and QCM2 ( ), as well for a 1ElQ resonator ( ). (B) 
Impedance magnitudes ȿὤȿ and (C) phase shifts • are shown as a function of AC frequency. Data 
points were reduced for sake of clarity. Corresponding (D) 3-D Bode plots (ȿὤȿ vs. • vs. Ὢ) and (E) 
3-D Nyquist plots (2Åὤ vs. )Íὤ  vs. Ὢ) are shown for the 2ElQ (QCM2) and 1ElQ. The 3-D 

spectra of the 2ElQ (QCM2) are in addition shown in separate diagrams for a more detailed view. 
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The obtained complex impedances of both resonators are shown in Fig. 4ɀ2 (QCM1: , QCM2: ), split 

into impedance magnitude (B) and phase shift (C). Plots also comprise characteristic spectra of a classical 

1ElQ resonator oscillating in air ( ) for comparison. Fig. 4ɀ2 D, E show alternative ways of spectra 

presentation by means of a three-dimensional Bode plot (ȿὤȿ vs. • vs. Ὢ) as well as a three-dimensional 

Nyquist plot (2Åὤ vs. )Íὤ vs. Ὢ). For sake of clarity, and since both resonators of the 2ElQ exhibit 

similar spectra, only the oscillation of QCM2 of the 2ElQ is illustrated together with the 1ElQ spectra in 

the respective 3-D plots. The 3-D spectra of the 2ElQ (QCM2) are in addition shown in separate diagrams 

below for a more detailed view. 

At parallel resonance frequencies (Ὢȿȿ ), the two resonators exhibit impedance values of 

ȿὤȿ  Є 7 ·104 Ohm, which is roughly ten times less in comparison to classical 1ElQs. The maximal phase 

shift reaches values of  •  Є 45 °, which is a distinct reduction in comparison to 1ElQs 

(•  Є 85 ɀ 90 °). From impedance magnitude and phase spectra, as well as from the 3-D Bode and 3-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 with expected 

values in the order of ȿὤȿ  Є 103 Ohm. Instead, the curves possess a second, narrow maximum with 

ȿὤȿ Є 104 Ohm. The serial resonance of each resonator is interfered by the presence of the not-energized 

second pair of electrodes, which are 2 mm apart. The interference results in ȿὤȿ values, which are close 

to off-resonance values, 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 peak to • Є 0 ° 

at frequencies below the series resonance (zero-phase crossing) of the active resonator. In both 3-D plots, 

the lateral oscillation coupling with the adjacent resonator spot appears as an additional small loop in 

front of the resonance loop of the active oscillator. In Fig. 4ɀ2 D, the projections of the curve to the xy-

plane (bottom layer) and to the xz plane (right back plane) represent the 2-D Bode plots of impedance 

magnitude and phase shift, respectively, as illustrated in Fig. 4ɀ2 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 deviation from an unperturbed 

oscillation due to oscillation coupling by an additional distinct loop in the curve profile. This as well 

applies for the 3-D Nyquist illustration of impedance (Fig. 4ɀ2 E), where a second loop in the curve of the 

perturbed 2ElQ oscillation can be observed (see magnified 2ElQ spectrum) and which is not present in 

the curve shape of the 1ElQ spectrum. 

4.1.3 Oscillation under Liquid Loading 

Since the ȿὤȿ  value should serve as an indicator for the viscoelastic properties of cells on the 2ElQ, 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 damping by the liquid (viscosity-density product; cf. Eqs. (24) and (25)) is already 

sufficient to decouple the resonators. The 2ElQ was loaded with 1.5 mL deionized water and the motional 

impedance was recorded sequentially for each sensor spot. In Fig. 4ɀ3, the obtained (B) impedance 

magnitude and (C) phase shift are shown as a function of frequency. Fig. 4ɀ3 D, E illustrate the QCM2 

oscillation impedance as 3-D Bode and 3-D Nyquist plots (note: for comparison purposes the scales of 

axes in Fig. 4ɀ3 D, E are chosen equal as in the respective diagrams in Fig. 4ɀ2 D, E).  

Impedance and phase spectra are similar for both resonator spots, QCM1 ( ) and QCM2 ( ). The 

whole impedance spectra are damped in water with respect to oscillation in air (cf. Fig. 4ɀ2). This is 

reflected in lower values of ȿὤȿ  (Є 3 ·104 Ohm) and •  (Є 15 °), and broader peaks of the resonance 
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curves. In 3-D spectra (Fig. 4ɀ3 D, E), damping due to loading the 2ElQ with water is reflected in a 

decrease in the diameter of the resonance loop. Moreover, the whole 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 additional motional impedance (ὤ ) in series to the motional branch impedance (ὤ ) of an 

unperturbed resonator (cf. Eq. (48) and Tab. 3ɀ6, p. 44), and contains dissipative (real part) as well 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 the 2-D Bode plots and with a reduction of the 

ȰÃÏÕÐÌÉÎÇ ÌÏÏÐȱ ÉÎ ÔÈÅ ÒÅÓÐÅÃÔÉve 3-D plots.  

Nevertheless, the mutual interference between neighboring sensor spots was not eliminated by simply 

loading the quartz with a Newtonian liquid like water or cell culture medium. The remaining, significant 

perturbation still precludes the extraction of ȿὤȿ  values from the spectra, which are required as 

indicator for time dependent alterations of the oscillation damping. In order to allow for this, the 

oscillations had to be uncoupled.  
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Fig. 4ɀ3 Impedance data of a 5 MHz AT-cut quartz disk with 2ElQ layout that performs shear 
oscillation with one face immersed in water (A). Spectra are shown for the successively measured 
sensor spots, QCM1 ( ) and QCM2 ( ). (B) Impedance magnitudes ȿὤȿ and (C) phase shifts • 
are shown as a function of AC frequency. Data points were reduced for sake of clarity. A respective 
(D) 3-D Bode plot and (E) 3-D Nyquist plot are exemplarily shown for QCM2. 

4.1.4 Resonator Synchronization 

Based on the results presented in chapters 4.1.2 and 4.1.3 it is uncertain whether the disturbance near 

the serial resonance frequency of each sensor spot arises from the presence of the adjacent electrode or 
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not. In order to exclude further parasitics, not the individual but the oscillation impedance (ὤ1#-ΧϽΨ) of the 

combined two resonators on a 2ElQ were investigated. Therefore, the two electrodes on the top side as 

well as the two electrodes on the bottom side of the 2ElQ were short-circuited (Fig. 4ɀ4 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 liquid loading, and after attachment and spreading of adherent cells. The respective 2-D 

Bode plots are illustrated in Fig. 4ɀ4 for impedance magnitude (B) and phase shift (C), as well as the 3-D 

Bode (D) and the 3-D Nyquist plots (E). 1.5 mL of cell culture medium were added to the measurement 

chamber for the measurement under liquid loading. The impedance spectrum for the resonator covered 

with a confluent layer of adherently grown MDCK-II cells (w/ cells) was recorded 24 h after seeding 

450 000 cells/ cm2 on the sensor surface.  
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Fig. 4ɀ4 The electrodes on both faces of a 2ElQ disk were short-circuited (A). Impedance 
magnitude (B) and phase shift (C) are shown for the oscillation under different loading conditions. 
Oscillations were recorded in air ( ), under loading with medium ( ), and with a confluent cell 
layer on the surface ( ). Data points were reduced for sake of clarity. (D) 3-D Bode plots and (E) 
3-D Nyquist plots for the respective oscillations. 

Interference or disturbing effects near the minimal impedance are detectable neither in the impedance 

magnitude nor in the phase spectra of short-circuited 2ElQ resonators, independent of the loading 

condition. The short-circuited spots exhibit a resonance curve similar to that of classical 1ElQ 

measurements. In air ( ), the double-resonator possesses characteristic impedance values of 

ȿὤȿ  Є 4 ·104 Ohm and ȿὤȿ  Є 6 ·102 Ohm. The phase maximum •  Є 65 ° is reduced by Ḑ 25 ° with 

respect to the classical 1ElQ layout (cf. exemplary 1ElQ spectra in Fig. 4ɀ2 B, C). This shift indicates an 

increase in energy dissipation caused by the new electrode layout. By loading the sensor surface with 
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medium ( ), the oscillation is further damped, resulting in values of ȿὤȿ  Є 1.5 ·104 Ohm, 

ȿὤȿ  Є 9 ·102 Ohm, and •  Є 35 °. After these measurements under liquid loading, the medium was 

exchanged by a suspension of MDCK-II cells. One day after seeding (450 000 cells/ cm2), after cells have 

formed a confluent monolayer on the surface, the QCM impedance was recorded again ( ). The 

resulting spectra were further damped compared to measurements under liquid loading and in air. The 

maximal impedance and phase were reduced to ȿὤȿ  Є 0.75 ·104 Ohm and •  Є 6 °, respectively, 

whereas the minimal impedance value increased to ȿὤȿ  Є 12 ·102 Ohm upon loading the short-

circuited 2ElQ resonators with a layer of viscoelastic cell bodies. In the 3-D spectra, Bode (Fig. 4ɀ4 D) as 

well as Nyquist (Fig. 4ɀ4 E) presentation, the gradual increase of damping from the initial oscillation in 

air to medium-loading and finally cell-loading is reflected in a decreased radius of the resonance loops. 

4ÈÅÓÅ ÒÅÐÒÅÓÅÎÔÁÔÉÏÎÓ ÆÕÒÔÈÅÒ ÃÏÎÆÉÒÍ ÕÎÐÅÒÔÕÒÂÅÄ ÏÓÃÉÌÌÁÔÉÏÎÓȟ ÄÕÅ ÔÏ ÔÈÅ ÁÂÓÅÎÃÅ ÏÆ ȰÄÉÓÔÕÒÂÉÎÇ ÌÏÏÐÓȱ 

in the curves. 

Thus, the mutual interference of the resonators can be eliminated by simply short-circuiting them. 

However, this resembles the electrical situation for a classical 1ElQ, but with the drawbacks of a smaller 

resonating area and the loss of two separate, individual measurement regions/ spots. 

4.1.5 Resonance Decoupling via Selective Rigid Coating 

The experiments shown above together with additional preliminary experiments, where the sensor spots 

were selectively damped with a highly viscous loading (data not shown), provided evidence that the 

perturbation in impedance signals on a 2ElQ is due to the neighboring electrodes and that this coupling 

was reduced by loading one resonator with a damping material. According to the Sauerbrey equation 

(Eq. (23)), deposition of a rigid mass on the resonator surface is directly proportional to a decrease in 

resonance frequency. Subsequent experiments aimed to systematically coat one resonator on the 2ElQ 

with a thin layer of a rigid mass, while leaving the second resonator uncoated. Thereby, the resonance 

frequencies should be uncoupled to an extent that was 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 coating protocol (cf. 3.3.3, p. 46), a film of PhoP was deposited onto the top surface of a 2ElQ disk at 

3500 rpm. By means of photolithography, half of the PhoP was subsequently removed, resulting in a 

resonator with rigid loading on one half (QCM1) and an unloaded resonator (QCM2) on the other half of 

a 2ElQ top surface (Fig. 4ɀ5 A).  

After PhoP drying, the motional impedances of the structured 2ElQ were recorded. Fig. 4ɀ5 shows the 

spectra of (B) impedance magnitude and (C) phase shift, for QCM1 and QCM2 measured successively 

( , ) and for synchronized sensor spots ( ). Fig. 4ɀ5 D ɀ G illustrate the oscillation impedances in 

3-D-Bode (D, F) and 3-D-Nyquist diagrams (E, G). Resulting characteristic impedance parameters (Ὢȿȿ , 

ȿὤȿ , Ὢ, Ὢ, Ὢȿȿ , ȿὤȿ , • ) of the separately measured resonator units are summarized in 

Tab. 4ɀ1. It is noticeable that the resonance of the coated QCM1 is shifted to lower frequencies by about 

22.5 kHz with respect to the resonance of the uncoated QCM2. However, QCM1 and QCM2 show similar 

profiles in the spectra of impedance magnitude and phase shift. This is reflected quantitatively in similar 

values of ȿὤȿ , ȿὤȿ , and •  for both resonators (Tab. 4ɀ1). The similarities of QCM1 and QCM2 

in oscillation parameters can be nicely seen in the 3-D impedance illustrations. The yz-projections of the 

3-D Bode plot (Fig. 4ɀ5 D; ȿὤȿ-•  plane) and the 3-D Nyquist plot (Fig. 4ɀ5 E; 2Åὤ-)Íὤ plane) both 

visualize the similar resonance properties of QCM1 and QCM2, by almost perfectly congruent curves. 

The only difference of their resonance charcteristics is the mentioned offset along the frequency axis, as 
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noticeable in the 3-D graphs and xz- and xy-projections. No damping in the vibration of QCM1, due to 

the polymer film, can be observed. Hence, 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 any "coupling-

loops" in the 3-D impedance presentations of the two sensor units (Fig. 4ɀ5 D, E) in contrast to the 

spectra of a not decoupled 2ElQ (SI 9, p. 265). Hence, near fundamental resonance, neither of the two 

sensor spots interfers with the other one anymore. With this approach, the two sensor spots were 

mechanically decoupled, while the vibrational energy and, thus, the impedance sensitivity of each sensor 

spot was preserved.  
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Fig. 4ɀ5 Impedance data of QCM1 and QCM2 on a 2ElQ in air, when one electrode on the top 
side was loaded with a rigid film of photopolymer (A). Spectra of impedance magnitude (B) and 
phase shift (C) were recorded for QCM1 ( ) and QCM2 ( ) in series, and for short-circuited 
QCM1+2 in parallel ( ). Data points were reduced for sake of clarity. (D), (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 2ElQ (Fig. 4ɀ5 A), the combined oscillation 

impedances of both resonators, ὤ1#-ΧϽΨ, were recorded in parallel with a single frequency scan (  in 

Fig. 4ɀ5). The impedance spectra exhibit two consecutive resonances, which can be assigned to the 

QCM2 resonator in the higher frequency region and to QCM1 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 short-circuited resonators and impedance profiles of 

separately measured QCM1 and QCM2. The impedance parameters near parallel resonance as well as far 

from resonance were strongly affected by the synchronization of the two top electrodes and the two 

bottom electrodes on a 2ElQ. In the 3-D plots this is reflected by a compression of the loops of both 

sensor units along the impedance magnitude axis (Fig. 4ɀ5 F vs. Fig. 4ɀ5 D) and along the imaginary and 

real part axis (Fig. 4ɀ5 G vs. Fig. 4ɀ5 E). In the latter cases the resonance loops thereby are similarly 

reduced along both axis. Consequently, the circles in the Gaussian plane (2Åὤ-)Íὤ) 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. 4ɀ1 Typical oscillation properties of the two resonators, QCM1 and QCM2, on a 2ElQ in 
air and 24 h after liquid loading with medium (N = 1). QCM1 was coated with a film of 
photopolymer (PhoP). Values were estimated by spline-interpolation of data points in the 
corresponding frequency regions. 

Resonator Load Ὢȿȿ /  

MHz 

ȿὤȿ /  
kOhm 

Ὢ/  
MHz 

Ὢ/  

MHz 

Ὢȿȿ /  

MHz 

ȿὤȿ /  
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 1.5 5.0054 5.0094 5.0098 55.9 52 
 medium 5.0026 2.1 5.0039 5.0066 5.0080 17.0 16 

 

In subsequent experiments, the oscillation performance of the 2ElQ resonators with partial PhoP coating 

were tested under liquid loading. 1.5 mL of cell culture medium were added to the quartz and the 

motional impedances of QCM1 and QCM2 were measured after 24 h. This incubation period was required 

in order to enable equilibration in liquid (cf. Fig. 5ɀ12 A, p. 130). Fig. 4ɀ6 shows typical impedance spectra 

of PhoP coated QCM1 ( ) and uncoated QCM2 ( ) under liquid loading. The oscillation profiles of the 

two resonators are damped to a similar degree upon liquid loading of the quartz, due to the viscosity of 

the medium. Moreover, the spectra of the two resonators are equally shifted by Ḑ 2.5 kHz to lower 

frequencies. Similar responses of QCM1 and QCM2 towards loading with medium were observed by 

similar changes of the characteristic impedance parameters (Ὢȿȿ , ȿὤȿ , Ὢ, Ὢ, Ὢȿȿ , ȿὤȿ , 

• ) of both resonators (Tab. 4ɀ1). Hence, the PhoP coating on QCM1 does not influence the sensor 

response upon exposing the resonator surface to liquid. 

These results prove that the polymer-modified 2ElQ can be used as a MQCM in air as well as under cell 

culture conditions (= liquid loading). Seeding cells on the 2ElQ surface should allow for sensing the 

cytomechanical properties at two separate and individual sensor spots. The twofold cytomechanic 

sensing is shown for a multitude of different assays in chapter 5.2 (p. 129 ff.), where the additional 

integration of ECIS-like measurements on the 2ElQ substrates is demonstrated. 
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Fig. 4ɀ6 Impedance data of QCM1 and QCM2 on a 2ElQ under liquid loading, when one 
electrode on the top side was coated with a rigid film of PhoP (A). Spectra of (B) impedance 
magnitude and (C) phase shift were successively recorded for QCM1 ( ) and QCM2 ( ). Data 
points were reduced for sake of clarity. (D), (E) Corresponding 3-D Bode and 3-D Nyquist plots.  

4.2 Decoupled 2ElQs: Impact of Film Thickness 

It has been shown that the coupling between the two resonators, QCM1 and QCM2, on 2ElQs is avoided 

by loading one resonator with a thin layer of rigid photopolymer (PhoP; cf. Fig. 4ɀ2 vs. Fig. 4ɀ5). Due to 

the additional rigid mass on one resonator, the effective thickness of the (loss-less) oscillating material 

was increased. This increase resulted in a shift of the resonance frequency to lower values. The following 

section focusses on the correlation of the film thickness with the change of resonance parameters and 

the degree of decoupling. The height of deposited PhoP layer thereby was triggered via the spin coating 

velocity. These investigations also enabled to derive an empirical formula for the estimation of film 

thicknesses from the difference of resonance frequencies of both resonators on the 2ElQ. 

4.2.1 Degree of Decoupling as a Function of Film Thickness 

According to the spin coating and photolithography protocol (Fig. 3ɀ11, p. 46), one electrode on 2ElQ 

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 velocities (between 2000 and 4000 rpm). 

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 had an age-related different flow viscosity 

ɉÖÉÓÃÏÓÉÔÙ ȰÏÌÄȱ І ȰÎÅ×ȱɊ. After spin coating, photolithography and drying of the 2ElQs, the resonators 
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were mounted in QCM chambers and impedance spectra of the polymer-coated resonator (QCM1) and 

the uncoated resonator (QCM2) were recorded in air. Fig. 4ɀ7 A shows typical impedance spectra of discs 

ÃÏÁÔÅÄ ×ÉÔÈ ȰÏÌÄȱ ÐÈÏÔÏÐÏÌÙÍÅÒ. The frequencies of all spectra were normalized with respect to the 

resonance frequency of the corresponding uncoated resonator QCM2. Thus, the plot illustrates the 

resonance shift of the coated sensor spots relative to the uncoated ones. The reference spectrum of a 

QCM2 oscillation is shown as well (). The same applies for the impedance representation of quartz 

ÄÉÓÃÓ ÃÏÁÔÅÄ ×ÉÔÈ ȰÎÅ×ȱ ÐÈÏÔÏÐÏÌÙÍÅÒ ÉÎ Fig. 4ɀ7 C. The results from both test series clearly show the 

spectral shift of the oscillation to lower frequencies with a decrease in the spin coating velocity, indicating 

an increase in the layer thickness. This shift is quantified by the frequency change of the minimal 

impedance ЎὪȿȿ . By the applied different velocities and polymer viscosities, spectral shifts in the order 

of ЎὪȿȿ  Є Ͼ(15 ɀ 30) ·103 Hz are obtained.  
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Fig. 4ɀ7 (A), (C) Impedance spectra of QCM1 resonators on a 2ElQ, loaded with (A) ȰÏÌÄȱ ÁÎÄ 
(C) ȰÎÅ×ȱ photoresist at different spin coating velocities. Spectra were normalized with respect to 
the resonance frequency at ȿὤȿ  of the corresponding uncoated resonator, QCM2 ( ). Data 
points were reduced for sake of clarity. Diagrams (B), (D) next to the spectra show the averaged 
spectral shifts of impedance minima, ЎὪȿȿ , due to polymer coating as a function of spin coating 

speed ὺ (mean ± SEM, N Ј 2). Individual values and errors refer to Tab. 4ɀ2 The dashed line ( ) 
in each plot represents the outcome of a linear regression analysis of data points. 

The deposited polymer layers in both test series prove to be sufficiently thick to decouple QCM1 and 

QCM2 resonances. This is evident in the impedance spectra by the disappeared interference near the 

fundamental resonances, which are observed for non-decoupled resonators (cf. Fig. 4ɀ2). This even 
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applies for the highest spin coating speed (4000 rpm) ÏÆ ÔÈÅ ȰÎÅ×ȱ photopolymer, which resulted in the 

smallest ЎὪȿȿ  value (Ͼ 15.4 (± 0.2) kHz (mean ± SEM; N = 5)) and the thinnest deposited film of both 

test series (  in Fig. 4ɀ7 C). However, one can recognize slight disturbances off resonance in the QCM1 

impedance spectra, in the region of QCM2 resonance. These look like a side resonance due to 

interference with QCM2, which becomes apparent by a zoom-in to this region (inset graph in Fig. 4ɀ7 A, 

C). It is also obvious, that this disturbance at ЎὪȿȿ  = 0 is 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 mentioned slight 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 resonators. Hence, the dissipative oscillation properties of the 2ElQ resonators are 

independent of the thickness of rigid loading within the investigated scope.  

From normalized impedance spectra as shown in Fig. 4ɀ7 A and C, the values of the shift of the resonance 

frequency relative to the uncoated resonator ЎὪȿȿ  were extracted and averaged for each spin velocity 

of each test series (individual mean values and errors refer to Tab. 4ɀ2). Diagrams Fig. 4ɀ7 B, D 

illustrstrate these ЎὪȿȿ  values as a function of spin coating velocity ὺ (  ). Corresponding results of a 

linear regression analysis are shown as well, by a dashed line ( ). According to the linear relation in 

Fig. 4ɀ7 B, a reduction of the shift by Ḑ 6 kHz per 1000 rpm speed increase could be approximated for the 

ȰÏÌÄȱ ÐÈÏÔÏÒÅÓÉÓÔ ÁÎÄ ÃÏÎÄÉÔÉÏÎÓ ÓÔÕÄÉÅÄ ÈÅÒÅȢ 4ÈÅ ÌÉÎÅÁÒ ÒÅÇÒÅÓÓÉÏÎ ×ÁÓ ÃÁÌÃÕÌÁÔÅÄ ÃÏÎÓÉÄÅÒÉÎÇ ÓÔÁÎÄÁrd 

errors of mean values by instrumental weighting. The big error bar at 2000 rpm (Fig. 4ɀ7 B) arises from 

only double determination of ЎὪȿȿ  values at this spin velocity. )Î ÔÈÅ ÃÁÓÅ ÏÆ ÔÈÅ ȰÎÅ×ȱ ÐÈÏÔÏÒÅÓÉÓÔȟ Á 

reduction of the frequency shift by Ḑ 4.7 kHz per 1000 rpm speed increase was obtained, based on the 

slope of the linear regression. This reduction rate is significantly lower in comparison to the first test 

ÓÅÒÉÅÓ ×ÉÔÈ ÔÈÅ ȰÏÌÄȱ ÐÈÏÔÏÒÅÓÉÓÔȟ ×ÈÉÃÈ ÒÅÆÌÅÃÔÓ the lower flow viscosity. 

4.2.2 Film Thickness Determination  

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 

ÃÏÍÐÁÎÙ ɉ-İÎÓÔÅÒȟ 'ÅÒÍÁÎÙɊȟ ÕÓÉÎÇ Á Ȱ.4ΩΩΦΦ ÏÐÔÉÃÁÌ ÐÒÏÆÉÌÅÒȱ ɉ6ÅÅÃÏ )ÎÓÔÒÕÍÅÎÔÓ )ÎÃȢȠ .9ȟ 53!ɊȢ 

Three substrates were coated with ȰÏÌÄȱ photoresist at different spin coating velocities (2000, 2500, 

3000, and 3500 rpm). By subsequent photolithography, half of the polymer was removed (Fig. 3ɀ11, 

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

a typical optical profile measurement are illustrated in Fig. 4ɀ8 A, obtained from a substrate that has 

been coated with photoresist at 3000 rpm. The image shows the field of view (Ḑ 1 x 1 mm) at the edge 

between substrate and polymer. In this particular measurement, a height difference of Ὤ = 3.477 µm was 

determined between the planes of polymer and glass substrate. Fig. 4ɀ8 B summarizes the profilometry 

measurements of all spin coated substrates. The thickness values were averaged for substrates with the 

same coating speed (values refer to Tab. 4ɀ2) and plotted as a function of the rotational speed used for 

spin coating. Film thicknesses varied in the range of 1 µm, i.e. between Ḑ 4.2 µm for a velocity of 

2000 rpm and Ḑ 3.2 µm for 3500 rpm. In accordance to the data provided by the photoresist 

manufacturer [361], an exponential correlation between layer thickness and coating speed can be 

assumed. This is represented by a dashed line in Fig. 4ɀ8 B.  
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Fig. 4ɀ8 (A) Result of white light vertical scanning interferometry of a glass substrate that was 
partially covered with PhoP (spin coating at 3000 rpm and subsequent photolithography). (B) 
Representation of the measured height of PhoP as a function of spin coating velocity 
(mean ± SEM, N = 6). An exponential correlation between data points can be assumed ( ). (C) 
For each coating speed, the polymer layer thickness Ὤ and the resonance frequency shift ЎὪȿȿ  

(cf. Fig. 4ɀ7 B) were plotted against each other. Asssuming a linear relationship ( ), the 
corresponding equation is given by:  Ὤ Ђ ΧȢΪ ɉϿ ΦȢΪɊ ВÍ Ȥ ή ɉϿ ΨɊ ɇΧΦȤΫ ВÍ(Úϳ ϽЎὪȿȿ . 

Tab. 4ɀ2 Resonance frequency shift ЎὪȿȿ  of 2ElQ resonators with one half of the sensor 

surface coated with PhoP layers of different thicknesses, via various spin coating velocities ὺ and 
subsequent photolithography (mean ± SEM, N = 2 ɀ 7). Height values Ὤ ÏÆ ÌÁÙÅÒÓ ×ÉÔÈ ȰÏÌÄȱ 0ÈÏ0 
were obtained from white light interferometry measurements (cf. Fig. 4ɀ8 A). Applying the 
empiric calibration in Eq. (58) to the ЎὪȿȿ  ÖÁÌÕÅÓ ÏÆ ÒÅÓÏÎÁÔÏÒÓ ÃÏÁÔÅÄ ×ÉÔÈ ȰÎÅ×ȱ 0ÈÏ0 

provides calculated values of the deposited polymer height, Ὤ . 

ὺ/ rpm 

 ȰÏÌÄȱ 0ÈÏ0  ȰÎÅ×ȱ 0ÈÏ0 

 ЎὪȿȿ / kHz Ὤ/ µm  ЎὪȿȿ / kHz Ὤ / µm 

2000  Ͼ29.2 (± 1.7) 4.17 (± 0.04)  Ͼ24.6 (± 1.0) 3.5 (± 0.5) 

2500  Ͼ26.9 (± 0.1) 3.67 (± 0.04)  Ͼ22.7 (± 0.6) 3.3 (± 0.5) 

3000  Ͼ23.7 (± 0.3) 3.50 (± 0.06)  Ͼ20.1 (± 0.4) 3.1 (± 0.5) 

3500  Ͼ21.6 (± 0.7) 3.18 (± 0.03)  Ͼ17.7 (± 0.9) 2.9 (± 0.5) 

4000  - -  Ͼ15.4 (± 0.2) 2.7 (± 0.5) 
 

h 
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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 other. In Fig. 4ɀ8 C the measured PhoP 

height Ὤ is represented as a function of the corresponding resonance frequency shift ЎὪȿȿ . Assuming 

a linear relationship between the data points, in consideration of standard errors (direct weighting) of Ὤ 

(yEr) and ЎὪȿȿ  (xEr), Ὤ is expressed as a function of ЎὪȿȿ : 

Ὤ Ђ ΧȢΪ ɉϿ ΦȢΪɊ ВÍ Ȥ ή ɉϿ ΨɊ ɇΧΦȤΫВÍ(Úϳ ϽЎὪȿȿ  (58) 

Hence, one could approximate for this type of photoresist that an increase of the layer thickness by 

Ḑ 80 nm is correlated with a resonance frequency shift of Ͼ1 kHz of the coated with respect to the 

uncoated resonator. 

Eq. (58) was ÁÐÐÌÉÅÄ ÔÏ ÅÓÔÉÍÁÔÅ ÔÈÅ ÆÉÌÍ ÔÈÉÃËÎÅÓÓ ÏÆ ÓÐÉÎ ÃÏÁÔÅÄ ȰÎÅ×ȱ ÐÈÏÔÏÒÅÓÉÓÔ ÏÎ 2ElQs by the 

determined values of ЎὪȿȿ  (cf. Fig. 4ɀ7 D and Tab. 4ɀ2). This provides calculated heights Ὤ  of the 

deposited PhoP layers in the range of Ḑ 3.5 µm for 2000 rpm and Ḑ 2.7 µm for 4000 rpm (values listed in 

Tab. 4ɀ2). Standard errors of mean values were calculated according to the Gaussian error propagation. 

It is noted that these are mainly determined by the parameter uncertainties in Eq. (58) and less by the 

accuracy of ЎὪȿȿ  ÄÅÔÅÒÍÉÎÁÔÉÏÎÓȢ )Î ÃÏÍÐÁÒÉÓÏÎ ÔÏ ÔÈÅ ÄÁÔÁ ÏÆ ÔÈÅ ȰÏÌÄȱ ÐÈÏÔÏÒÅÓÉÓÔ ɉÃÆȢ Fig. 4ɀ8 B and 

Tab. 4ɀ2), the deposited films with the new batch of photoresist were thinner at specific spin velocities.  

4.3 Discussion 

4.3.1 2ElQ Sensor Layout and Oscillation Properties 

In this project, a new MQCM sensor was established that allowed for measuring mechanical changes at 

the quartz interface at two separate sensor spots. A novel electrode layout providing two electrodes on 

both faces of a 5 MHz AT-cut quartz plate (Fig. 4ɀ1) was designed. This novel dual QCM sensor is further 

referred to as 2-Electrode Quartz (2ElQ). 

Interference of 2ElQ Resonators 

The two resonators on a 2ElQ, QCM1 and QCM2, exhibited mutual disturbances in their oscillation 

characteristics in air (Fig. 4ɀ2) as well as when one face of the disk was immersed in water (Fig. 4ɀ3). Such 

lateral coupling effects between adjacent oscillation units of a MQCM sensor were already considered 

experimentally [353,355,360,362] as well as in theoretical approaches [363,364] 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 with similar electrode diameter and similar resonance frequencies is rather small.[363] The 

litertaure studies, however, consider only the simultaneous oscillation of two adjacent resonators, which 

exhibit a parallel and an anti-parallel oscillation mode in cases of coupling. For a 5 MHz AT-cut quartz 

with two detuned resonators (100 nm difference in electrode thickness) it was shown by simulation that 

an electrode distance of 1 mm (ratio distance-to-quartz thickness ὨȾὨ  = 2.96) causes a cross-mass-

sensitivity of Ḑ 9 % for the thinner resonator. This means that in cases of a homogeneous mass 

deposition on the quartz plate almost 10 % of the detected frequency shift on the (thinner) resonator is 

due to mass deposition on the second resonator. This coupling factor was reduced to negligible values of 

Ḑ 1 % by increasing the electrode separation distance to 3 mm (ὨȾὨ  = 8.88).[364] Mechanical inter-
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ferences between oscillating units imply that their shear displacements overlap. This means that the 

characteristic decay lengths of the oscillation amplitudes (of two simultaneously resonating units) have 

to cover at least half the distance between the electrodes. For a 5 MHz AT-cut quartz crystals with similar 

double-electrode design, the oscillation region, i.e. the decay length of vibration beyond the electrode 

edges, was reported to be in the range of Ḑ 1 mm.[362] The 2ElQs used in the presented studies were 

designed with an electrode spacing of 2 mm (cf. Fig. 4ɀ1) and the quartz oscillations of the two adjacent 

resonators were measured successively, so that a crosstalk between the oscillating unit and the inactive, 

not energized unit was not expected to occur. Nevertheless, interferences in oscillation were observed 

so that mechanical coupling obviously occurred across the inter-electrode, blank quartz material.  

Calculation of Shear Amplitudes of 2ElQ Resonators 

According to a theoretical model by Martin et al. [365], the shear amplitude of an AT-cut quartz resonator 

at a distance ὶ from the center ὶ 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 decays radially 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 amplitude ὼ at a certain distance ὶ from the center of the 

electrode can be described according to the Gaussian function: 

ὼ ὼϽὩ ϳ   (59) 

where ὼ is the maximal shear amplitude in the center ὶ of the electrode (ὶ = 0), ύ is the width of the 

Gaussian function, and ὶ  is the radius of the electrode. For shear amplitudes of the quartz oscillation in 

air and in water, Gaussian distribution coefficients of  ύ  = 2.84 and  ύ  = 2.03 were found.[365] 

Integration of Eq. (59) over the entire electrode surface provides the average shear amplitude ὼ : 

ὼ ὼϽὩ ϳ ς“ὶ Ὠὶ “ὶ   

ὼ

ύ
ρ Ὡ  (60) 

According to [365], ὼ  is also accessible from the electromechanical properties of the quartz plate and the 

applied amplitude of driving voltage Ὗ  by: 

ὼ
ὟὨ

Ὑ Ὡ ὃ‫
 (61) 

In Eq. (61) Ὠ is the quartz thickness, Ὑ  is the total motional resistance (Ὑ Ὑ Ὑ, where Ὑ  and 

Ὑ  are the motional resistances of the quartz itself and of the loading, respectively), Ὡ  is the 

piezoelectric stress constant, ὃ is the electrode area, and ‫ is the angular resonance frequency of the 

quartz (‫ ς“ Ὢ). Thus, ὼ  values dependent on specific resonator properties are obtained, which, 

inserted in Eq. (60), provide the maximal shear amplitude ὼ in the center of the electrode. Borovsky et 

al. used scanning tunneling microscopy to measure the lateral amplitude of vibration of an AT-cut quartz 

resonator [366], revealing a relationship between ὼ, the driving voltage Ὗ , and the quality factor ὗ 

(= ὢ ȾὙ ) of the resonator, according to: 
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ὼ ΧȢΪ ɉϿ ΦȢΧɊ ɇΧΦȤΧΨ Í 6ϳ ϽὗϽὟ  (62) 

Johannsmann and Heim [367] have proven this equation for the amplitude of motion with a calculation 

based on a transmission line model. Using either the theoretically (Eqs. (60), (61)) or experimentally 

(Eq. (62)) obtained values of ὼ, the shear amplitude ὼ at any distance ὶ from the electrode center can 

be calculated by applying Eq. (59). Based on this, Heitmann and Wegener [226] calculated the lateral 

amplitude distribution of a classical 5 MHz AT-cut quartz resonator, sandwiched between two circular 

gold-film electrodes of 6 mm diameter (1ElQ), under liquid loading and for various driving voltages. For 

a driving voltage of 0.15 V (which has been usually used in the QCM studies presented in this work), the 

calculations yield shear amplitudes of ὼ  = 2.3 nm and ὼ  = 0.5 nm in the center of the electrode. 

These calculations were now made for the 2ElQ resonators, too, for oscillation in air and under liquid 

(water) loading. For the sake of completeness and in order to have a 1ElQ analogue for comparison with 

the calculated 2ElQ values, calculations for 1ElQ oscillations in air were additionally performed. The 

corresponding profiles of the shear amplitude ὼ as a function of distance ὶ from the electrode center are 

shown in Fig. 4ɀ9 for 1ElQ (A) and 2ElQ (B) oscillations in air and when one quartz face is loaded with 

water. The parameter values that were used for the calculations (Ὑ, ὃ, Ὑ , ὢ ) and the calculated 

values of ὗ, ὼ , ὼ , and ὼ  for 1ElQ and 2ElQ oscillations in both air and water are listed in 

Tab. 4ɀ3.  
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Fig. 4ɀ9 Calculated shear amplitudes ὼ  as a function of distance ὶ to the center of the 
electrode for a 1ElQ resonator (A) and one oscillating unit on a 2ElQ (B) with Ὗ = 150 mV. Values 
were estimated with theoretically (theory) [365] and experimentally (exp) [366] based equations for 
oscillation at resonance in air and in water. ὶ indicates the radius of the electrode and Ὠ stands 
for the inter-electrode distance of a 2ElQ. 

The graphs in Fig. 4ɀ9 show maximal oscillation amplitudes at the electrode center (ὶ = 0 mm) and non-

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

and 2ElQ with ὶ  = 1.75 mm), in air as well as under liquid loading. The discrepancy between theoretically 

and experimentally obtained values of more than a factor of four has been described before [226,366]. This 

observation applies to the 2ElQ values, too. Compared to the 1ElQ oscillation, the amplitudes of 2ElQ 
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resonators are significantly smaller, which is seen best for the maximal shear amplitude at ὶ = 0 mm in 

Fig. 4ɀ9. For 2ElQs, maximal amplitudes of ὼ  = 0.7 nm (in air) and ὼ  = 0.3 nm (with one quartz face 

immersed in water) are estimated. At the electrode edges (ὶ = ὶ), the shear oscillation has decayed to 

5.8 % (air) and 13.1 % (water) of the maximal value, respectively. At the distance ὶ = ὶ  + Ὠ (= 3.75 mm), 

i.e. at the electrode edge of the second, non-oscillating unit, the shear amplitude of the active resonator 

has decayed to 0.0002 % (in air) and to 0.009 % (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 2 mm, where the electrode edge of the inactive resonator is located. 

The results from shear amplitude calculations cannot readily explain the observed coupling of the 

adjacent sensor spots. Hence, either the experimentally based equation underestimates the motion 

profile of the oscillating quartz material, or other not yet considered effects play a crucial role in the 

electromechanical coupling and interference of the resonators. 

In the course of the calculations above, inconsistencies were observed in the trends of ὼ  and ὼ values 

for the theoretically and experimentally calculated values. This becomes evident by comparing them in 

Tab. 4ɀ3. With decreasing ὗ-factors, the experimentally obtained, maximal shear amplitudes ὼ  

decreased likewise (see Eq. (62)). However, for the theoretically obtained averaged and maximal shear 

amplitudes, ὼ  and ὼ , there is a discrepancy. ὼ  and ὼ  values are lower for the 

1ElQ oscillation in water (ὗ = 2500) than for the 2ElQ oscillation in water (ὗ = 1600). This observation can 

be explained by a closer look at Eq. (61) that has been used to determine ὼ . Calculations for 1ElQ and 

2ElQ average amplitudes only differ in the denominator values ὃ and Ὑ . Both values are related to 

each other but do not change to a similar extent. In the present case, the ὃϽὙ  product for 1ElQ in 

water is bigger than for 2ElQ in water, and shear amplitudes 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 (Eqs. (60) and (61)) cannot be used for comparing 

resonators of different electrode size.  

Tab. 4ɀ3 Used parameters for calculating the amplitude of shear oscillation ὼ in the center of 
1ElQs and 2ElQs under air and liquid (water) loading. The resonators were based on 5 MHz AT-cut 
quartz disks (Ђ Ψ“Ὢ = 3.14 ·107 Hz, Ὠ ‫  = 330 µm); Ὑ  and ὢ  are averaged from measured 

values (Ὑ  Ђ Ὑ Ὑ , ὢ  Ђ ‫ὒ )Íὤ , )Íὤ  Ђ ȿὤȿ Ὑ Ὑ , ὗ Ђ ὢ Ὑϳ ); 

the amplitude of the driving voltage was set to Ὗ = 0.15 V, and Gaussian distribution coefficients 

of ύ  = 2.84 and ύ  = 2.03 [365] were used. 

 

Type of 
Resonator 

 

ὶ /  
mm 

 

ὃ/  
mm2 

 

Load 
 

Ὑ / 
Ohm 

 

ὢ / 
MOhm 

 

ὗ ὼ / 
nm 

ὼ / 
nm 

ὼ / 
nm 

1ElQ  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 

2ElQ  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 was found that the oscillation disturbances of 2ElQ resonators in air and in liquid vanish, when the two 

electrodes on the top side as well as the two electrodes on the bottom side of the disk are short-circuited, 
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respectively (Fig. 4ɀ4). This outcome provides evidence that the disturbances in the oscillations occur 

due to the presence of the second pair of electrodes/ sensor spot on the quartz surface. By short-

circuiting, the two formerly separate sensor spots (QCM1 and QCM2) perform synchronous oscillation 

(QCM1+2) with impedance spectra similar to that of 1ElQ vibrations around resonance. However, the 

spectral properties and characteristic impedance values of short-circuited 2ElQ resonators are 

considerably different with respect to classical 1ElQ oscillation properties. Typical impedance and phase 

spectra of a 1ElQ ( ) and of a short-circuited 2ElQ ( ) oscillation in air are shown in Fig. 4ɀ10 A and B. 

The spectrum of a perturbed, non-short-circuited 2ElQ oscillation ( ) is shown for comparison, too. 

The phase maximum of the short-circuited 2ElQ in air exhibits a value of •  Є 65 °, which is Ḑ 20 ° 

lower than the value for the 1ElQ oscillation (•max Є 85 °). This significant higher acoustic damping is also 

reflected in higher ȿὤȿ  values for the 2ElQ (Ḑ 550 Ohm) compared to the 1ElQ (Ḑ 100 Ohm). These 

differences in impedance properties are due to differences in the electrode layout for a 1ElQ and a 2ElQ, 

and are readily explained by BVD equivalent circuit elements, whose expressions are given in Tab. 3ɀ5. 

According to that, the resistance Ὑ  of the motional branch of the BVD equivalent circuit dominates the 

value of ȿὤȿ  (ȿὤȿ Ὑ ρ ‫Ὑὅϳ Ὑ ). Ὑ  is inversely proportional to the electrode area 

(Eq. (30)), and in comparison to the classical 1ElQ, the electrode area of the two sensor spots on a 2ElQ 

is decreased by a factor of Ḑ 1.5 (ὃΧ%Ì1 = 28.3 mm2 vs. 2x ὃΨ%Ì1 = 2x 9.6 mm2 = 19.2 mm2). Hence, the 

increase of ȿὤȿ  can be mainly contributed 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 circumference-to-area ratio ὅȾὃ is a factor for the degree of damping, too. High values 

cause strong damping while lower values effect less damping. Applying this to 1ElQs and 2ElQs, one 

obtains ratios of ὅȾὃ (1ElQ) Є 0.67 mmϾ1 and ὅȾὃ (2ElQ) Є 1.14 mmϾ1. Thus, electrodes of 2ElQs cause 

bigger dissipation losses of the motional impedance than electrodes of 1ElQs. Moreover, when short-

circuiting 2ElQs four electrodes had to be contacted to the electronics instead of two with 1ElQs, so that 

contact resistance of the former should be twice as high. 
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Fig. 4ɀ10 Spectra of (A) the magnitude and (B) the phase of impedance, recorded in air of a 
typical 1ElQ ( ), of the perturbed QCM1/ QCM2 of a 2ElQ ( ), and of a short-circuited 2ElQ 
(QCM1+2; ).  

Despite the higher energy dissipation of 2ElQs compared to 1ElQs, the short-circuited 2ElQ 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 with a confluent cell layer 

(Fig. 4ɀ4). Cells can be described as viscoelastic bodies.[368] As they form cell-substrate 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 oscillation, the cells exhibit a big dissipative contribution. This leads 

to a strong damping of the oscillation and significantly increased ȿὤȿ  values for a cell-covered 

resonator with respect to cell-free conditions under medium. 

4.3.2 Decoupling of 2ElQ Resonators 

Different strategies of decoupling resonances are discussed in literature, regarding the effects of the 

design parameters electrode spacing [362,363], electrode size [363], positioning of electrodes [364], electrode 

thickness [362,364], different coatings on electrodes [354], variations in quartz thickness by mesa-shape and 

convex-shape designs, MQCMs with x-axis inversion, or a successive oscillation of resonators [352,360].  

Oscillation Properties of Decoupled 2ElQ Resonators 

For the post-fabrication decoupling of 2ElQ microbalances the selective coating of only one sensor unit 

with a thin and rigid layer of polymer turned out to be successful. This strategy provided a loss-free 

decoupling of 2ElQ interferences (cf. chapter 4.1.5, p. 90 ff.). The film consists of photoresist that was 

applied to the whole top quartz surface by spin coating. Half of the coating, 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 

ÔÏ 3ÁÕÅÒÂÒÅÙȭÓ ÒÅÌÁÔÉon (Eq. (23)), the resonance frequency (the whole resonance spectrum) of the coated 

resonator was shifted to lower values by Ḑ 22 kHz, 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 plate and consequently a decrease in the frequency (increase in the acoustic 

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 spectra in Fig. 4ɀ11 A and B. Starting from 

the perturbed impedance spectrum of QCM2 ( ), the resonance of QCM1 ( ) is shifted to lower 

frequencies by the rigid coating and, thus, is separated from the resonance of QCM2 ( ). Due to the 

difference in thickness of QCM1 and QCM2, the resonance frequencies are sufficiently separated from 

each other and mutual perturbations are eliminated. The impedance data (magnitude and phase shift) 

of decoupled QCM2 almost completely overlap with that of the initially uncoated 2ElQ, except for a 

narrow frequency region (4.990 to 5.005 MHz) where interference occurs (  vs.  in Fig. 4ɀ11 A, B). 

Corresponding Nyquist plots are shown in SI 9 C (p. 265). Except for the resonance shift, the oscillations 

of separated QCM1 and QCM2 exhibit similar shapes of impedance magnitude and phase spectra with 

comparable values of the characteristic impedance quantities ȿὤȿ , ȿὤȿ , and •  (cf. Tab. 4ɀ1).  

With respect to the 1ElQ impedance spectra (  in Fig. 4ɀ11 A and B), the impedance spectra of the two 

separated 2ElQ resonators are significantly more damped, with higher ȿὤȿ , and lower ȿὤȿ  and 

•  values, respectively. This also can be readily explained by the increased internal oscillation 

damping when the active oscillating area, i.e. the electrode size, is reduced, as discussed previously for 

synchronized QCM1 and QCM2 of an uncoated 2ElQ. In comparison to the classical 1ElQ, the electrode 

area of one resonator spot of a 2ElQ is decreased by a factor of 2.9 (ὃΧ%Ì1 = 28.3 mm2 vs. ὃΨ%Ì1 = 9.6 mm2). 

Just like ȿὤȿ , the parameter ȿὤȿ  is also dominated by the motional resistance Ὑ , according to its 

expression in Eq. (45), and thus by the electrode size (Eq. (30)). Since ȿὤȿ  and Ὑ  are inversely related, 

a decrease in the electrode size is accompanied by a decrease in ȿὤȿ , just as it is observed for the 

2ElQs compared to typical 1ElQs in Fig. 4ɀ11 A. In the frequency region between the parallel and the 

serial resonance frequency, the inductance ὒ in the BVD equivalent circuit of the quartz dominates the 
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oscillation properties. This is reflected in impedance phase values • > zero degrees. Values of • = 90 ° 

are almost reached with 1ElQs in air, as they exhibit a large electrode size and low values of Ὑ . The effect 

of increasing Ὑ  values (in this case due to a reduced electrode size) on the maximal phase shift can be 

nicely seen in the Nyquist plot (cf. Fig. 3ɀ8 D, p. 41). In the complex plane, the circle of the oscillation 

impedance is downwards shifted along the )Íὤ-axis with increasing Ὑ  values. Thus, the maximal 

phase angle between real and imaginary part is shifted to lower values. However, the minimal phase of 

• = Ͼ90 ° beyond resonance conditions is due to the parallel capacitance ὅ and not affected by Ὑ  

changes.  
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Fig. 4ɀ11 Spectra of (A) impedance magnitude and (B) impedance phase, recorded in air of a 
typical 1ElQ ( ), of the perturbed QCM1/ QCM2 of a 2ElQ ( ), and of QCM2 ( ) and QCM1 

( ) of a 2ElQ 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 factor ὗ of the 2ElQ resonators. The ὗ-factor is defined as the ratio of stored 

energy and the dissipated energy of the quartz oscillation: 

ὗ
ρ

Ὀ

ὢ

Ὑ
 (63) 

where Ὀ is the dissipation factor, ὢ  represents the reactive properties of the quartz as well as any 

imaginary contributions of a load, and Ὑ  stands for the total resistance of the quartz oscillation.[240] For 

an unloaded quartz plate, ὢ  and Ὑ  are given by the internal quartz properties ὒ  and Ὑ . By 

inserting the expressions from Eq. (28) and Eq. (30), the quality factor is: 

ὗ
‫ὒ

Ὑ

”‫

ὶ

Ὠ”‫

–“
 (64) 

where ὶ is the damping constant (ὶ –“ Ὠ , with –  as effective quartz viscosity). According to 

Eq. (64), the ὗ-factor depends on the effective viscosity of the quartz, which increases with decreasing 

electrode size.[288] Thus, the ὗ-factor of 2ElQs is lower than for 1ElQs, resulting in the previously 

described changes of the characteristic oscillation parameters. Experimental data deliver a Ḑ 4.5-fold 

lower ὗ-factor (in air) for the 2ElQ compared to the 1ElQ resonator (Tab. 4ɀ3).  
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As discussed in the previous subsection, ὗ is also directly linked with the amplitude of shear 

displacement (Eq. (62)). Consequently, the shear displacement in the center of a 2ElQ resonator is lower 

than for a 1ElQ and its Gaussian distribution is more damped at the electrode edges as well. Moreover, 

the decay length of the shear wave, which propagates vertically into the medium above the resonator, is 

expected to be shorter for smaller electrodes. Thus, a drawback of 2ElQ sensors might be a shorter depth 

of penetration into the specimen (the cell layer) at the quartz surface. 

Oscillation Properties of Decoupled and Synchronized 2ElQ Resonators 

In another measurement approach the impedance spectra of the decoupled resonators QCM1 and QCM2 

were measured simultaneously, by short-circuiting the electrodes on the top side and on the bottom side 

of the 2ElQ, respectively. This provided the impedances of both resonator units as a combined signal, 

ὤ1#-ΧϽΨ, by a single frequency sweep (  in Fig. 4ɀ5). 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 capacitance ὅ of the quartz, by short-

circuiting QCM1 and QCM2. This becomes evident by a closer look at the impedances at off-resonance 

frequencies (4.96 MHz and 5.03 MHz in Fig. 4ɀ5 B). There, the quartz behaves like a parallel-plate 

capacitor and the impedance is dominated by the static capacitance ὅ (see BVD model in theory section 

3.3.2, p. 37 ff.). As the impedance decreases with increasing parallel capacitance (Eq. (32)) and as ὅ is 

directly proportional to the electrode area (Eq. (31)), impedance and electrode size are inversely 

correlated with each other. Typical impedance magnitude values of individual 2ElQ resonators (ȿὤȿ1#-Χ 

and ȿὤȿ1#-Ψ) and of short-circuited 2ElQ resonators (ȿὤȿ1#-ΧϽΨ) at the off-resonance frequencies 4.96 MHz 

and 5.03 MHz are listed in Tab. 4ɀ4. The data confirm that the impedance of the short-circuited 

resonators (|Z|QCM1+2) is reduced almost exactly by half with respect to the averaged impedance of the 

separately measured QCM1 and QCM2 (½ (ȿὤȿ1#-Χ+ȿὤȿ1#-Ψ)). This can be assigned to the doubling of the 

electrode area when synchronizing QCM1 and QCM2.  

Tab. 4ɀ4 Tapical impedance magnitude values for 2ElQ resonators (QCM1 and QCM2), which 
were decoupled by the deposition of a rigid photoresist film on QCM1. Values are shown for 
individual (ȿὤȿ1#-Χ, ȿὤȿ1#-Ψ) and for short-circuited (ȿὤȿ1#-ΧϽΨ) oscillations at off-resonance 
frequencies (4.96 MHz, 5.03 MHz). 

Ὢ/ MHz ȿὤȿ1#-Χ/ 
kOhm 

ȿὤȿ1#-Ψ/ 
kOhm 

½ (ȿὤȿ1#-Χ+ȿὤȿ1#-Ψ)/ 
kOhm 

ȿὤȿ1#-ΧϽΨ/ 
kOhm 

4.96 7.3 8.3 7.8 3.9 
5.03 9.5 10.6 10.1 5.1 

 

The increase of  ὅ by short-circuiting QCM1 and QCM2 also influences the characteristic impedance 

values near parallel resonance (Ὢ, Ὢȿȿ , ȿὤȿ ). This is reflected in a negative shift of both the 

frequency of maximal impedance magnitude, Ὢȿȿ , and the frequency of zero-phase crossing, Ὢ, as 

well as in a decrease of the maximal impedance magnitude ȿὤȿ . The impact of  ὅ changes on these 

parameters is readily apparent from their expression by electrical equivalents in Eqs. (39) ɀ (45) (p. 42). 

For instance, the severe reduction of ȿὤȿ  by a factor of Ḑ 4 upon connecting resonators (Ḑ 65 kOhm 

 OḐ 16 kOhm, see Fig. 4ɀ5 B) is comprehensible, as ȿὤȿ  is inversely related to the square of the static 

capacitance ὅ of the quartz material (Eq. (45)). Thus, doubling of the parallel-plate capacitor area by 
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short-circuiting QCM1 and QCM2 results in changes of the maximal impedance magnitude by a factor of 

four, as observed in Fig. 4ɀ5. At frequencies where the motional branches are resonant, the characteristic 

impedance values (Ὢȿȿ , ȿὤȿ , Ὢ) are not affected by short-circuiting of electrodes. There, the 

piezoelectric properties of the quartz material dominate the impedance and dielectric properties, i.e. the 

static capacitance ὅ , can be neglected. This is also reflected in the corresponding expressions of 

impedance parameters by electrical elements of the BVD equivalent circuit (Eqs. (38) ɀ (44) in Tab. 3ɀ5, 

p. 42). These observations, of the impact of electrode short-circuiting on impedance characteristics, also 

match well with previously presented simulations, which demonstrate the influence of different ὅ 

values on the shape and characteristic parameters of impedance spectra.[296] 

The approach of short-circuiting resonators and simultaneously recording their resonance characteristics 

provides some considerable advantages over the successive measurements of individual microbalances. 

On the one hand, one can reduce the data acquisition time, as the frequency window does not have to 

be scanned anew for each sensor spot and as switching between ports for contacting the individual 

resonators can also be omitted. 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 short-circuited electrodes on each side. The short-

circuiting for example can be implemented by conduction paths at the edge of the disc. This is of great 

relevance, especially with regard to parallelization of sensor spots and miniaturization of the 

experimental setup and, therefore, could promote the development in these directions. However, the 

basic requirement in any case of simultaneous QCM measurements is the sufficient spectral separation 

of resonances of all oscillating units.  

Oscillation Properties of Decoupled 2ElQ Resonators under Liquid Loading 

When performing oscillations with the decoupled 2ElQs under liquid loading (Fig. 4ɀ6, p. 93), a strong 

damping of the impedance spectra of both resonators was observed. This is due to the viscosity-density 

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 (cf. Tab. 3ɀ6 B, p. 44). The degree of damping is similar 

for QCM1 and QCM2, which is reflected in similar changes of characteristic impedance parameters 

(Tab. 4ɀ1). This is not necessarily expected, since one resonator (QCM1) is covered with an additional 

polymer film and, thus, exhibits a different quartz-liquid interface compared to the other. Swelling of the 

polymer on QCM1 upon immersion in liquid and a consequently higher energy dissipation of the 

oscillation could lead to a change from a rigid into a viscoelastic polymer film. However, QCM1 and QCM2 

exhibit similar impedance profiles after equilibration in cell culture medium over 24 h. Hence, swelling of 

the polymer seems to be weak and the influence of the polymer on QCM1 oscillation properties under 

liquid can be considered negligible. The preserved rigidity of the photoresist on a 2ElQ with liquid loading 

also becomes apparent in the stable resonance frequency difference between QCM1 and QCM2 and the 

persistent uncoupling of the 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 electrodes.[197,349,369ɀ371] They cause a stray capacitance additional to 

the static capacitance ὅ  of the quartz and, thus, contribute to parallel resonance properties of a 

resonator as well as to the impedance off resonance. Field fringing at the electrode edges depends on 

the depolarization capabilities and, thus, on the dielectric properties of the quartz loading. Since the 

dielectric constant for an electrolyte is by far higher than for air, field-fringing of the quartz and, 

consequently, the effective parallel capacitance is larger in medium than in air. Moreover, covering the 

electrodes with an 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 plate.[296] These effects become evident 

when comparing the impedance magnitude spectra of the 2ElQ resonators in air (Fig. 4ɀ5, p. 91) and 

under medium (Fig. 4ɀ6, p. 93) far from resonance and at parallel resonance frequencies. It has to be 

noted that parallel capacitance contributions arising from the 2ElQ surface in contact with an electrolyte 

are more pronounced for the uncoated resonator than for the photoresist-coated resonator, reflected in 

almost 104 Ohm lower ȿὤȿ  values of QCM2 compared to QCM1 at parallel resonance frequencies. 

Whereas the resonators in air exhibit off-resonance impedances (at 4.96 MHz) of 7.3 kOhm (QCM1 

+ PhoP) and 8.3 kOhm (QCM2), the same oscillators loaded with medium for 24 h exhibit equal 

impedance magnitudes of 5.5 kOhm. The decrease is due to an increase in the parallel capacitance for 

both resonators on the 2ElQ upon covering one quartz plate face with medium. It is noticeable that the 

two resonators finally show equal values and the photoresist-related differences measured in air 

obviously vanished in medium. Thus, the potential dielectric contribution by the polymer is completely 

masked in medium by fringing of the electric field and electrical double layers at the quartz-electrolyte 

interface. 
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Fig. 4ɀ12 (A) Combined plot of impedance magnitude and phase of QCM1 ( , ) and QCM2 

( , ) of a 2ElQ with rigid loading on QCM1, oscillating under medium. (B) Nyquist 
representation of the impedance data shown in A. 

The impedance spectra of the decoupled 2ElQ oscillations in medium (Fig. 4ɀ6) exhibit slight 

perturbations and secondary resonances, respectively, for both resonators (QCM1 and QCM2) in 

impedance magnitude and phase spectra. For a better analysis, impedance magnitude and phase spectra 

of both sensing units are merged in one diagram, shown in Fig. 4ɀ12 A. For QCM1 ( ) this unwanted 

resonance occurs at Ḑ 20 kHz upwards from serial resonance. This is exactly the frequency region where 

the non-coated QCM2 ( ) exhibits resonance. The same effect is observed for the impedance spectrum 

of QCM2, about 20 kHz downwards from its serial resonance, at frequencies where the photoresist-

covered QCM1 resonance occurs. Hence, the decoupled resonators on the 2ElQ obviously again interfere 

with each other when the two resonators perform oscillations in medium. For analyzing oscillations of a 

quartz plate exposed to an electrolyte like cell 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 considerably codetermine the 

resonator properties. In the case of two (or more) adjacent resonators separated only by a small 

unelectroded quartz area (ὃΨ%Ì1/ Ὠ Ї ίȢά mm2/ 2 mm), 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 non-zero at the electrode 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 causes 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 the inverse piezoelectric effect. The electric situation 

is different for the two resonators and their vicinity on a decoupled 2ElQ exposed to medium. Due to a 

smaller dielectric constant of the polymer, surface charge compensation is assumed to be less 

pronounced for the photoresist-coated 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 separation band between the two liquid-side 

electrodes. These assumed acoustoelectric effects as well as excess field fringing, stray capacitances and 

electric double layer formation could all affect the oscillation properties of QCM1 and QCM2. Finally, 

coupling of the sensing units is enabled by the electrolytic conductivity of the medium, what is prevented 

when the two electrodes on the topside of a 2ElQ are not conductively connected via an electrolyte.  

The perturbation of QCM2 at frequencies where QCM1 is resonant seems like a secondary resonance 

with a similar small and narrow increase of the phase (Ў• Є +10 °) and less pronounced serial and parallel 

resonances (Fig. 4ɀ12 A, zoom-in No. 1), with respect to the fundamental resonance. However, the 

secondary resonance observed for QCM1 is remarkably different (Fig. 4ɀ12 A, zoom-in No. 2). The QCM1 

impedance magnitude does not really show a resonance-like profile in the resonance region of QCM2, 

but only a Ḑ 2 kOhm drop to a lower value, which remains constant when scanning to higher frequencies. 

Moreover, the phase shift drops to values below Ͼ90 ° (Ў• Є Ͼ10 °), showing exactly the reverse behavior 

than observed for QCM2. Fig. 4ɀ12 B shows the corresponding Nyquist plots of the decoupled medium-

covered 2ElQ sensor spots. The oscillation impedances appear as circles in the Gaussian plane with a 

clockwise increase of the applied AC frequency (cf. Fig. 3ɀ8 D, p. 41). Compared to the QCM1 circle, the 

circle of QCM2 is smaller in diameter, what is related to a slightly lower maximal impedance magnitude 

and maximal phase shift, respectively, also visible in the respective Bode plot (Fig. 4ɀ12 A). These 

discrepancies in the impedance spectra of QCM1 and QCM2 in the resonance region of the other 

resonator are also visible in the Nyquist plot. Interferences are identified as additional small circles at 

frequencies lower (QCM2) or higher (QCM1) than the respective fundamental resonance frequency 

(shortest vector in the Gaussian plane). The origin of this phenomenon is not understood yet and needs 

to be further investigated. 

The interference effects that appear for the decoupled 2ElQ upon exposing it to electrolyte solution are 

small and occur at frequencies that are sufficiently far from the corresponding fundamental resonances. 

Thus, the observed coupling does not affect the analysis of minimal impedance values. 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 2ElQs was be successfully achieved by 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 under loading with conducting liquid. Thus, prerequisites were fulfilled to apply 2ElQ plates 

with two individual readout spots for whole-cell biosensing. 
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Impact of Film Thickness on the Degree of Decoupling 

The findings presented in Fig. 4ɀ7 allow the following conclusions regarding the thickness of deposited 

films and the degree of resonance shift and of decoupling of QCM1 and QCM2 resonances, respectively.  

A sufficient separation of resonances of the oscillating units on a 2ElQ was obatained for all of the applied 

spin coating velocities, which correlated with deposited film thicknesses between 2.7 and 4.2 µm. Even 

the thinnest deposited film was still thick enough to decrease the resonance frequency of the coated 

sensor spot to values (Ͼ15.4 (± 0.2) kHz) which avoided a spectral overlap of its resonance region with the 

resonance of the uncoated resonator.  However, a decrease in the film thickness is accompanied with a 

significant increase in the degree of interferences off resonance in the impedance spectra (cf. inset 

graphs in Fig. 4ɀ7 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 values of ЎὪȿȿ  Є Ͼ(5 ɀ 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 resonator (Fig. 4ɀ2, p. 86), avoiding extraction of 

ȿὤȿ  values for monitoring impedance changes. Therefore, 3000 rpm was set as the standard rotational 

speed for spin coating 2ElQs with photopolymer, in order to maintain a sufficient separation of 

resonances required for their application as MQCM. 

From QCM measurements and white light vertical scanning interferometry measurements of similary 

coated substrates, a correlation (Eq. (58)) was established that connects the frequency shift between 

QCM1 and QCM2 resonator on a 2ElQ with the thickness of the deposited photoresist layer. This 

calibration allows to estimate the polymer height of 2ElQs that have been coated with the same 

photoresist via the determination of the resonance frequency shift ЎὪȿȿ  between coated and 

uncoated resonator. The correlation given in Eq. (58) should be valid for any concentration and viscosity 

of the same type of polymer solution in the linear range of the equation, since the final physical properties 

of the hard-baked and solvent-free photoresist layers, like e.g. density, hardeness, wettability, or 

swelling properties, should be similar. The only basic prerequisites are that the deposited layer forms a 

homogeneous and rigid film on the substrate and does not cause energy dissipation of the quartz 

oscillation.[349] Hence, solvent has to be completely evaporated during hard-baking of the film and 

swelling of the deposited film in liquid or due to air humidity has to be avoided during QCM 

measurements. 

The results further show that quartz disks had significantly larger resonance shifts and thicker films with 

ÔÈÅ ȰÏÌÄȱ ÔÈÁÎ ×ÉÔÈ ÔÈÅ ȰÎÅ×ȱ ÐÈÏÔÏÒÅÓÉÓÔȟ ÅÖÅÎ ÔÈÏÕÇÈ ÃÏÁÔÉÎÇ ÈÁÓ ÂÅÅÎ ÐÅÒÆÏÒÍÅÄ ÁÔ ÔÈÅ ÓÁÍÅ ÓÐÉÎ 

coating velocity and conditions. ! ÈÉÇÈÅÒ ÆÌÏ× ÖÉÓÃÏÓÉÔÙ ÏÆ ÔÈÅ ȰÏÌÄȱ ÐÈÏÔÏÒÅÓÉÓÔ ÄÕÅ ÔÏ ÓÏÌÖÅÎÔ 

evaporation over time explains this. This causes a higher counterforce against the centrifugal force 

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

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

spin coating. The film thickness of Ḑ 2.7 µm at 4000 ÒÐÍ ÆÏÒ ÔÈÅ ȰÎÅ×ȱ ÐÈÏÔÏÒÅÓÉÓÔ ÁÇÒÅÅÄ ×ÅÌÌ ×ÉÔÈ ÔÈÅ 

ÐÒÅÄÉÃÔÅÄ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÄÁÔÁȢ[361] It has to be noted that spin coating 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 ambient conditions during 

coating. For instance, the ambient temperature, air humidity and air pressure affect the equilibrium 

between film spreading on the substrate surface and solvent evaporation during the spin coating process. 

Moreover, post coating photolithography and related processes influence the final height of the polymer, 

too. 
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4.3.3 Outlook 

Based on the established a two-spot QCM resonator, various further developments of the sensor layout 

are thinkable, like for instance an increase in the number of resonator 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 MQCM approach, by multiplying the number of sensor 

units on the 14 mm 5 MHz AT-cut quartz disk, starting from the 2ElQs to quartz plates that contain for 

example four electrodes, as schematically illustrated in Fig. 4ɀ13. For this, 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 spots in mind, as described and discussed above (section 4.1) for the 2ElQ layout. A 

reduction in electrode size, while maintaining a maximum inter-electrode distance, could be sufficient 

for avoiding resonance coupling 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. 

 

A 

 

 B 

 

Fig. 4ɀ13 (A) Top view 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 2ElQs could be applied as gas-phase sensor as well as for chemosensing or bioanalytical 

applications in liquid phase. One resonator unit of the two-electrode layout could thereby be used as the 

actual QCM measurement unit, while the second QCM unit could serve as an internal, substrate-

integrated reference sensor. To achieve this, different 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 detecting non-specific 

sensor responses and, thus, to compensate interfering signals. In whole-cell biosensing applications of 

the QCM, probing the micromechanical interactions of cells with the sensor surface, a reference 

resonator could serve for monitoring the unaffected 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 

ÓÔÉÍÕÌÕÓ ÈÁÓ ÔÏ ÂÅ ÌÏÃÁÔÅÄ ÏÎÌÙ ÁÔ ÔÈÅ ȰÓÅÎÓÏÒ-1#-ȱ ÁÎÄ ÁÖÏÉÄÅÄ ÁÔ ÔÈÅ ȰÃÏÎÔÒÏÌ-1#-ȱȢ &ÏÒ ÉÎÓÔÁÎÃÅȟ 

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 resonator. This approach is just as well applicable for any 

locally immobilized substance or (bio)molecule. Besides coating of one resonator using chemi- or 

physisorption, any other approach with a localizable stimulus would be conceivable. This includes 
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physical stress (pressure, temperature, electric fields, acceleration, radiation and waves of any energy, 

etc.) or in-situ generated local chemical or biochemical stress (e.g. reactive oxygen species, photo-

catalytically or electrochemically generated species). Stimulations 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 one cell-covered resonator of the 2ElQ should serve 

as a reference, one has to manage to stimulate the cell layer with lateral resolution only on one QCM 

spot. From the technical side a QCM chamber inset or a novel QCM chamber would be necessary for the 

2ElQ substrates, dividing the quartz surface into two separated sensing compartments. By 

accomplishing a localized stimulation, sensing of micromechanical cell responses towards the stimulus 

in comparison to a reference could be performed with 2ElQs on the same substrate, simultaneously, with 

the same cell population 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 the 2ElQ 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 cell-sensing approaches that are not based on light microscopic cell 

investigations. By combining the QCM with a luminescence-based optode, one could take advantage of 

a fluorescence microscope and increase the information density from the system under investigation. 

For optode implementation, the 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 fluorescent probe 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 for measuring O2, CO2, pH/ H+, glucose and temperature.[173,178,181,195] Using multi-

layer systems and embedding the luminescent dyes in polymer beads even enables simultaneous 

multiple chemical sensing. Sensing 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 

quartz plate with integrated OCS spots, the cells will grow on or around the sensor spots, depending on 

the cytocompatibility of the polymer, thus providing either subcellular or bulk measurements. Based on 

this, sensors for 6.1 Imaging the Frictional Heat Induced by High-Amplitude Quartz Oscillations (p. 223 ff.) 

as well as for 6.2 Imaging the Oxygen Consumption Rate (OCR) beneath Adherent Cells (p. 232 ff.) have 

been developed. 

Electrical measurement techniques seem to be predestined for combination with QCM measurements, 

since MQCM substrates contain at least two electrodes on each face for exciting and recording quartz 

oscillations. However, for whole-cell 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 substrate-integrated electrodes (cf. 3.4 Electric Cell-Substrate Impedance Sensing (ECIS)). These 

measurements provide the complex impedance, which is dominated by the morphological properties of 

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 ECIS-like measurements on 2ElQ substrates and various cell-based 

assays of the QCM-ECIS double sensors are presented in the following Chapter 5 QCM-ECIS: Combined 

Viscoelastic and Dielectric Sensing of Cells. 
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A combination of the two transducer principles QCM and electrochemical impedance spectroscopy (EIS) 

was applied in the past for in situ monitoring and analyzing solution properties [372], degradation of thin 

polymer films [373], formation of supported lipid bilayers [374], and adsorption processes of proteins on bare 
[375], polymer-coated [376], and with platinum [377] or copper [378] electroplated QCM gold electrodes. In all 

studies, EIS data was measured between the top QCM electrode facing the electrolyte as working 

electrode and an external counter 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/AgCl electrode was used as reference electrode. Janshoff and Wegener (1996) [219] firstly presented 

the experimental approach of double-mode impedance analysis of adherent cell layers for biosensing 

applications. They introduced an additional low impedance platinum dipping electrode into the QCM 

measurement chamber, which enabled the combined EIS-mode and QCM-mode monitoring of a cell 

layer seeded on the electrode on the top side of the quartz disk. EIS in the context of recording and 

analyzing the impedance properties of cell-covered gold electrodes is also referred to as Electric Cell-

Substrate Impedance Sensing (ECIS) (section 3.4, p. 50 ff.), introduced by Giaever and Keese in 1991 [96]. 

By this hyphenated approach of QCM-ECIS double-ÍÏÄÅ ÉÍÐÅÄÁÎÃÅ ÁÎÁÌÙÓÉÓȟ ÔÈÅ ȰΧst generatÉÏÎ 1#-ȱ 

(simply a quartz disc sandwiched between two circular gold film electrodes) was technologically 

ÕÐÇÒÁÄÅÄ ÔÏ ×ÈÁÔ ×Å ÎÁÍÅ ÔÈÅ ȰΨnd ÇÅÎÅÒÁÔÉÏÎ 1#-ȱ. This is schematically illustrated in Fig. 5ɀ1 A, B. 

Combined QCM-ECIS sensors are capable of reporting on complementary information as viscoelastic 

and electrical properties of cell monolayers, with the latter allowing statements on the degree of cell 

coverage of the working electrode and the barrier resistance of cellular junctions. Double-mode 

impedance analysis was applied in various assay formats to test cell-cell and cell-substrate interactions. 

These comprised investigations on the cell adhesion and differentiation kinetics of different cell types 
[22,206,236,267], adhesion properties of cells on structured growth substrates [236], cell migration and wound 

healing [236], properties of chemically fixated cells [268], and studies on the cell layer responses to external 

stimuli like substances that affect the cell membrane [268] or the actin cytoskeleton [267,268]. However, 

introducing an additional dipping electrode in the QCM chamber, for extending the 1st generation QCM 

to a 2nd generation QCM, entails some inconveniences. There is a complex experimental setup, combined 

with a reduced working space above the sensor. Moreover, the opening for the dipping electrode may be 

an entrance point for microorganisms. As long as the counter electrode is manually introduced for each 

experiment, its well-defined positioning above the WE is problematic, too. However, reproducible 

experimental conditions are prerequisites for the comparison of results obtained from different studies.  

In this project a novel coplanar electrode layout integrated on a piezoelectric quartz disk is presented, 

which allows for double-mode (QCM-ECIS) impedance measurements like the 2nd generation QCM, 

however overcomes the drawbacks of a dipping electrode. This technological advancement upgrades 

the 2nd ÇÅÎÅÒÁÔÉÏÎ 1#- ÔÏ ÔÈÅ ȰΩrd ÇÅÎÅÒÁÔÉÏÎ 1#-ȱ ɉFig. 5ɀ1 C). The technical realization of the two 

transducer principles in one experimental setup is addressed in section 5.1. There, the electrode 

designing and the implementation of QCM and ECIS measurements are presented (5.1.1). The surface 

characteristics as well as the QCM-mode and ECIS-mode performances of the fabricated sensor plates 

are shown for the standard experimental setup (5.1.2 ɀ 5.1.5) and for variations of this (5.1.6). These dual 

whole-cell biosensors enable a multi-parametric, substrate-integrated, label-free, non-invasive, and real-

time monitoring of adherent cells, providing complementary mechanical (viscoelastic) and electrical 

information (electrode coverage, barrier resistance) from the same cell layer at the same time. The gain 

and diversified application spectrum of this hyphenated approach are demonstrated in various cell-based 

assays, comprising cell attachment and spreading of different cells under various conditions (section 5.2) 

and cellular responses towards a diversity of external and internal stimuli (section 5.3).  
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A B C 

 
 1st Generation 2nd Generation 3rd Generation 

Fig. 5ɀ1 Different QCM generations based on a circular 5 MHz AT-cut quartz plate. (A) 1st 
generation QCM: classical 1-Electrode QCM. (B) 2nd generation QCM: classical 1-Electrode QCM 
extended by a dipping electrode for (QCM-ECIS) double-mode impedance analysis. (C) 3rd 
generation QCM: 2-Electrode QCM (2ElQ) layout with substrate-integrated coplanar electrodes 
for ECIS-mode measurements. Drawings are not to scale. 

5.1 QCM-ECIS Sensor Layout and 

Characteristics 

5.1.1 Substrate-Integration of QCM-ECIS 

In order to overcome the disadvantages of former QCM-ECIS setups (2nd generation QCM), a novel, 

substrate-integrated combination of both transducer principles was developed. This sensor design is 

based on the previously presented 2-Electrode MQCM platform (2ElQ), comprising two co-planar gold 

film electrodes integrated on either side of a quartz plate (Chapter 4: MQCM: Multiple Cytomechanic 

Sensing). By electrically connecting the electrodes on the sensing side via a conducting saline solution, 

one could measure the current flow in between, providing ECIS-like impedance information from the 

system on top of the sensor (cf. 3.4 Electric Cell-Substrate Impedance Sensing (ECIS), p. 50 ff.). As shown 

in the previous chapter, the bare, uncoated 2ElQ resonators exhibit a lateral coupling of oscillations (cf. 

Fig. 4ɀ2 and Fig. 4ɀ3), which had to be eliminated by separating their resonance frequencies. Decoupling 

of resonances was successfully realized by depositing a rigid polymer layer on one half of the 2ElQ, i.e. 

one electrode on the sensing side of the quartz plate. Thereby, the acoustic thickness of the coated 

resonator unit was increased and consequently its resonance frequency was decreased, so that the 

resonance regions of the coated and uncoated resonators were sufficiently separated and coupling 

effects near the serial resonances were prevented (cf. subsection 4.1.5 Resonance Decoupling via Selective 

Rigid Coating, p. 90). Half-side coating of the top quartz surface was achieved by spin coating and 

photolithographic preparation steps, according to the procedure mentioned in 3.3.3 Experimental (p. 46) 

and illustrated in Fig. 3ɀ11. Since the deposited photoresist forms an insulating layer of approx. 3 µm in 

thickness (cf. 4.2.2 Film Thickness Determination, p. 95 ff.), the coated electrode is shielded against 

charge transfer from the electrolyte side. However, impedances between the electrodes have to be 

minimized for ECIS-mode measurements, in order to be sensitive for impedance contributions 

originating from cells on the electrodes. The coated electrode could be made accessible for ECIS-like 

recordings, by implementing a small hole into the polymer film and thus establishing an electrical link 

between the two QCM topside-electrodes via the electrolyte. This photopolymer processing was 
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performed in the course of the coating process, by using an adapted photolithography mask for the 

positive photoresist that exhibited a circular opening in the opaque area (cf. Fig. 3ɀ12). After UV-light 

illumination through the mask, the illuminated photopolymer areas were developed and removed, 

resulting in a final electrode layout as exemplarily shown in Fig. 5ɀ2. Thus, in the course of resonator 

coating for decoupling QCM resonances of 2ElQs, it could additionally be implemented an electrode 

layout on the quartz surface that is in size and shape similar to commercial ECIS electrodes.  

 

A 

 

B 

 

  

Fig. 5ɀ2 Layout of the 3rd generation QCM. Contacting different pairs of electrodes of a QCM-
ECIS sensor allows for different sensing modes, which report on different cell layer properties. (A) 
QCM-mode: Electrode pairs sandwiching the quartz plate (indicated with gray and blue arrows) 
are contacted to excite and record the quartz oscillation, providing the oscillation impedance ὤ1#- 

and reporting on cytomechanical changes. (B) ECIS-mode: Gold-film electrodes on the sensing-
side of the 2ElQ are used for measuring the electrical impedance ὤ%#)3 of low-amplitude current 

flow through the system, reporting on morphological alterations within the cell layer.  

On the basis of the 2ElQ development and by a modified surface structuring the transducer principles of 

QCM and ECIS could be combined and functionally coupled in one experimental setup (QCM-ECIS). The 

measurement chamber and hardware requirements for the technical implementation of both sensing-

modes are illustrated in Fig. 3ɀ18 (p. 57). Different pairs of electrodes can be electrically addressed from 

the bottom side of the quartz plate with a software-controlled relay, as schematically illustrated in side-

view in Fig. 5ɀ2. Each pair of gold-film electrodes sandwiching the quartz plate (Fig. 5ɀ2 A) can be 

individually contacted to drive the shear oscillation of the respective resonator (QCM-mode). From the 

analysis of the resonance parameters one thus gets information on the cell layer mechanics close to the 

surface from two individual sensor spots. After switching the contacts to the two electrodes facing the 

cells and the medium (Fig. 5ɀ2 B), ECIS-like data can be recorded (ECIS-mode), which enables the 

detection of cell morphology changes. Thus, using this hyphenated QCM-ECIS approach, a cell 

population seeded on the modified resonator surface can be monitored simultaneously and in real-time 

by ECIS- and QCM-mode measurements. This enables a multi-parametric analysis of cell layer properties 

and a time-resolved, micro-mechanical and 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 cells was optimized. Since the smaller WE 

ÆÏÒÍÓ ÔÈÅ ÂÏÔÔÌÅÎÅÃË ÏÆ ÃÕÒÒÅÎÔ ÆÌÏ× ÉÎ ÔÈÅ ÃÉÒÃÕÉÔȟ ÔÈÅ ÓÙÓÔÅÍȭÓ ÉÍÐÅÄÁÎÃÅ ÉÓ ÖÅÒÙ ÓÅÎÓÉÔÉÖÅ ÔÏ ÉÍÐÅÄÁÎÃÅ 

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 sensitivity by reducing the WE size, however, goes along with the 

measurement of a smaller fraction of the entire cell population. Hence, sensitivity and the average 

number of investigated cells have to be tailored to each assay and the respective focus of interest. The 

influence of different ECIS WE sizes and layouts on both QCM and ECIS sensing parameters were 

investigated. The different photolithography masks applied for 2ElQ surface structuring are illustrated 

in Fig. 3ɀ12 B-G (p. 47). The following subsections present the surface properties and the QCM-mode and 

ECIS-mode impedance characteristics of cell-free and cell-covered sensor surfaces of the standard 

sensor layout (5.1.2 ɀ 5.1.5) that is used by default throughout this work and of sensors with particular 

ECIS electrode sizes and layouts (5.1.6).  

5.1.2 Standard QCM-ECIS Sensor Layout 

A standard surface structuring protocol of 2ElQs was defined for 3rd generation QCM (QCM-ECIS) 

sensors. This is schematically shown in Fig. 5ɀ3. A 5 MHz AT-cut quartz plate with two pairs of electrodes 

(A) is spin coated with an insulating, positive photoresist at 3000 rpm (B), according to the protocol 

described on p. 46. The thickness of the photoresist layer was found to be sufficient for the decoupling 

of the adjacent resonator units (cf. 4.2.1 Degree of Decoupling as a Function of Film Thickness, p. 93 ff.). 

For the default layout of the QCM-ECIS sensor surface a photolithography mask was applied during UV 

illumination (C) that exhibits a circular opening of 0.5 mm in diameter in the center of the half-circular, 

opaque area (Fig. 5ɀ4 A). After developing and a final hard-baking step, a 2ElQ was produced (D) capable 

for dual QCM-mode sensing, with two decoupled resonators due to a half-side photoresist coating, and 

for ECIS-mode recordings, with a small WE (Ømask = 0.5 mm) at the coated side and a Ḑ 50-fold larger CE 

(ØElectrode = 3.5 mm) at the uncoated side of the sensor surface. 

 

A B C D 

 

Fig. 5ɀ3 Schematic illustration of the preparation process for a standard QCM-ECIS sensor, 
based on a blank 2ElQ disk (A). Spin coating of an insulating, positive photoresist (B) was 
performed at 3000 rpm, followed by photolithographic structuring (C) through a mask with a 
circular opening of Ømask = 0.5 mm in the center of the half-circular opaque area (indicated with an 
arrow). This results in a final QCM-ECIS layout (D) with a small WE at the coated side and a bigger 
CE at the non-coated side of the 2ElQ surface. 

5.1.3 Surface Characterization 

Since the area of the working electrode is a crucial parameter in ECIS-mode measurements (cf. 3.4.1 Basic 

Principles of the ECIS Technique, p. 50), the real area and average diameter of the WE was of interest. 

Therefore, the size and shape of the working electrode and the surface topography at the edges of the 

photoresist of the standard QCM-ECIS sensors were analyzed. A schematic drawing of the mask used for 

standard photolithographic structuring (WE-Ømask = 500 µm) is illustrated in Fig. 5ɀ4 A, with a dashed red 

3500 rpm 

56 0.5 mm 
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line indicating the alignment of the mask and the 2ElQ plate during UV illumination. Fig. 5ɀ4 B shows a 

photograph of the final QCM-ECIS sensor layout with a visible circular working electrode in the center of 

the coated electrode. The real size and the shape of the created WEs were determined microscopically, 

by phase-contrast imaging of the quartz plates and subsequent micrograph analysis with ImageJ 

software (NIH; USA) [330,331]. A bright mercury vapor lamp was applied as light source, capable of shining 

through the gold film electrodes. Fig. 5ɀ4 C shows the phase-contrast micrograph of the WE of a 

standard QCM-ECIS sensor, with a dotted line indicating its manually determined contour and area, 

respectively. All working electrodes produced in this work exhibited almost perfect circular shapes with 

well-defined sharp edges between the bare gold and the surrounding photoresist. The bare gold 

electrodes implemented in the photoresist coating exhibited a real average area of ὃÒÅÁÌ = 2.05 (± 0.03) 

·10Ͼ3 cm2 (mean ± SEM; N = 7). Assuming a circular shape, this correlates to an average WE diameter of 

Øreal = 511 (± 4) µm. The structuring of a WE on a polymer-covered 2ElQ, by applying a photolithography 

mask with a circular hole of Ømask = 500 µm, thus resulted in 2.2 (± 0.8) % bigger WE diameters and 

4.4 (± 1.5) % bigger WE areas, respectively.  

 

A B C 

 

Fig. 5ɀ4 (A) Photolithography mask for uncovering one half of a 2ElQ quartz disk as well as a 
circular area in the center of the second electrode (Ømask = 500 µm) from photoresist. Red dashed 
lines are not part of the mask and indicate the alignment and positioning of 2ElQ and mask during 
UV illumination. (B) Photograph of a final QCM-ECIS sensor, structured with the mask in A. (C) 
Phase-contrast micrograph of a WE with a diameter defined to 500 µm by the mask. Measuring 
of WE circumferences (dotted line) provided real averaged values of Øreal = 511 (± 4) µm and 
ὃÒÅÁÌ = 2.05 (± 0.03) ·10Ͼ3 cm2 (mean ± SEM; N = 7). 

Topographic information of the lithographically structured QCM-ECIS sensor surface were obtained by 

profilometry measurements. Investigations were performed by Fraunhofer EMFT (Munich, Germany), 

ÕÓÉÎÇ Á Ȱ$ÅËÔÁË ))! ÐÒÏÆÉÌÏÍÅÔÅÒȱ ÆÒÏÍ 3ÌÏÁÎ ɉÎÏ× 6ÅÅÃÏȠ 0ÌÁÉÎÖÉÅ×ȟ .9ȟ 53!ɊȢ Fig. 5ɀ5 A shows a 3-D 

profile plot of a QCM-ECIS sensor surface in a region of Ḑ 5.5 x 5.5 cm2 that holds the WE (Ømask = 500 µm) 

and the polymer edge in the center of the quartz plate. The height profile is illustrated in pseudo-colors 

and the z-scale is stretched by a factor of Ḑ 1 000 with respect to the scale in the xy-plane. For height 

profile analysis, an optical cross-section in the xz-plane was chosen, starting from the polymer-free 

quartz area and going across the polymer edge and the topographic depression of the WE (cf. red arrow 

in Fig. 5ɀ5 B). The resulting height profile along the x-direction is illustrated in Fig. 5ɀ5 C. The z-axis was 

adjusted in scale to visualize small height differences compared to the larger lateral dimension. 

Photoresist thickness is 3 µm on average. This matches well with the calculations presented in subsection 

4.2.2 (p. 95 f.), which correlated the spin coating speed with the resulting film height on the substrate 

(Tab. 4ɀ2). Stretching of the z-axis in Fig. 5ɀ5 C causes a distorted representation. This might mislead to 

A 

Ø 
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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 quartÚ ÐÌÁÔÅ ɉɻɊ ÏÒ ÔÈÅ ÅÌÅÃÔÒÏÄÅ ɉɼȟ ɾɊȢ 4ÈÅ 

values of the respective angles were determined by calculating the slope of a fitting function in the last 

ÄÁÔÁ ÐÏÉÎÔ ÂÅÆÏÒÅ ÒÉÓÅȟ ÒÅÓÕÌÔÉÎÇ ÉÎ ɻ = 174.3 Њȟ ɼ = 171.5 Њȟ ÁÎÄ ɾ = 170.9 °. Hence, the angles between 

substrate surface and photoresist layer are all in the order of 170 ɀ 175 °, reflecting flat rising and trailing 

edges of the polymer as well as a low aspect ratio of the structures. 

 

A B C 

 

Fig. 5ɀ5 (A) 3-D profile of a selected area of a QCM-ECIS sensor, comprising the photoresist 
edge in the center of the quartz plate (arrow Ӭ) and the circular cavity in the photoresist layer 
opening the working electrode ɉÁÒÒÏ× ӭɊ. (B) Scanning axis and direction (red arrow) for 
measuring a two-dimensional height profile, shown in the diagram right next to it (C). Angles 
between the baseline of the substrate surface and the photoresist flanks were determined to 
ɻ = 174.3 Њȟ ɼ = 171.5 Њȟ ÁÎÄ ɾ = 170.9 °. 

5.1.4 QCM-mode: Piezoelectric Characterization of the Sensor 

The shear oscillation properties of both resonator units of a standard QCM-ECIS sensor layout (3000 rpm, 

WE-Ø = 0.5 mm) were recorded and analyzed. Measurements were performed for the unloaded situation 

in dry air, under loading of the coated sensor side with serum-free cell-culture medium, and with cells 

adherently grown on the quartz surface of coated and uncoated QCM electrode. Spectra of the sensor 

exposed to medium (1.5 mL) were recorded after an equilibration phase of Ḑ 24 h and the oscillation 

properties of QCM1 and QCM2 of a cell-covered sensor were recorded the day after seeding MDCK-II 

cells (450 000 cells/ cm2), when cells have formed a confluent monolayer on the quartz surface. 

Representative oscillation impedance spectra of the two resonators QCM1 (with PhoP coating) and 

QCM2 (uncoated) of a QCM-ECIS sensor at the respective loading conditions are summarized in Fig. 5ɀ

6. QCM-mode measurements were performed at 200 equidistant frequencies around the fundamental 

resonances of QCM1 and QCM2, from 4.97 to 5.02 MHz. Spectra of impedance magnitude (Fig. 5ɀ6 A) 

and phase shift (Fig. 5ɀ6 B) of QCM1 (filled symbols) and QCM2 (open symbols) are shown for the sensor 

in air ( , ), loaded with medium ( , ), and covered with a confluent cell layer ( , ). Fig. 5ɀ

6 C represents the oscillation impedance data of QCM1 (air, medium, w/ cells) in the complex plane. In 

Fig. 5ɀ6 D, the Nyquist diagram is extended to the third dimension (3-D-Nyquist), with AC frequency as 

x-axis, impedance real part  2Åὤ  as y-axis, and impedance imaginary part  )Íὤ  as z-axis. The 

projection of the 3-D curves to the yz-plane (2Åὤ-)Íὤ) mirrors the 2-D representation of Fig. 5ɀ6 C.  
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Fig. 5ɀ6 Impedance spectra of a QCM-ECIS sensor in QCM-mode. Spectra of oscillation 
impedance magnitude (A) and phase (B) of QCM1 (w/ PhoP coating; filled symbols) and QCM2 
(w/o coating; open symbols) are shown for sensors in air ( , ), loaded with cell culture 
medium ( , ), and covered with a confluent layer of MDCK-II cells (w/ cells; , ). (C) 2-D 
and (D) 3-D complex (Nyquist) representation of QCM1 oscillations at the respective loading 
conditions. Impedance values were recorded at 200 equidistant frequencies around resonances, 
between 4.97 MHz and 5.02 MHz. Data points were reduced for sake of clarity in A ɀ C.  

Resonances of QCM1 and QCM2 are well separated by Ḑ 20 kHz in any loading situation (cf. Tab. 5ɀ1), 

which is due to the deposition of a rigid PhoP layer on QCM1. Impedance profiles of the two resonator 

units are similar except for the translation along the frequency axis. The changes in the QCM1 and QCM2 

impedance spectra of a QCM-ECIS sensor in the course of medium loading are similar to the changes 

observed previously for the medium loading of a decoupled 2ElQ plate, on which no WE for ECIS-mode 

measurements was implemented (cf. 4.1.5 Resonance Decoupling via Selective Rigid Coating, p. 90 ff.). 

That are, firstly, a strong damping of both resonators (Ўȿὤȿ  Є 700 Ohm) and, secondly, a slight shift 

of both resonance curves to lower frequency values (ЎὪȿȿ  Є Ͼ3 kHz). Damping and frequency shift are 

both a consequence of the viscosity-density 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. 3ɀ6 B, p. 44). Thereby, the resistance accounts for energy dissipation 

(damping), and the inductive reactance reflects an additional mass layer of the liquid (frequency shift) 

oscillating synchronously and lossless with the resonator. Tab. 5ɀ1 summarizes for the two resonator 

units QCM1 and QCM2 the characteristic parameters of the oscillation impedance profiles (Ὢȿȿ , 

ȿὤȿ , Ὢ, Ὢ, Ὢȿȿ , ȿὤȿ , • ) for the investigated loading conditions. It has to be noted that the 
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parallel resonance parameters, ȿὤȿ  and • , of the uncoated QCM2 respond stronger to medium 

loading than the photoresist-coated QCM1. The growth of cells on the sensor surface further increases 

the energy dissipation of the QCM1 and QCM2 oscillations, which is reflected in significantly damped 

impedance magnitude and phase profiles as well as in a broadening of the spectra (Fig. 5ɀ6 A, B). The 

characteristic impedance parameters of both 2ElQ microbalances change to a similar extent. Increased 

dissipation upon loading the QCM-ECIS surface with viscoelastic cell bodies is reflected in an increase of 

minimal impedance values Ўȿὤȿ  by Ḑ 850 Ohm and a reduction of the maximal phase  Ў•  by 

Ḑ Ͼ30 ° (Tab. 5ɀ1). Cell attachment and anchorage on the electrodes also caused equal resonance 

frequency changes of QCM1 and QCM2 in the order of ЎὪȿȿ  Є Ͼ1 kHz with respect to the cell-free 

vibrations in medium (Tab. 5ɀ1). In the complex 2-D and 3-D Nyquist plots of the oscillation impedance 

profiles (Fig. 5ɀ6 C, D) the mentioned parameter changes due to loading the resonators with cells are 

mirrored in a distinct contraction of the impedance circle and of the ȰÒÅÓÏÎÁÎÃÅ ÌÏÏÐȱ, respectively. The 

zoom-in diagram in Fig. 5ɀ6 C additionally reveals a shift of the loop to bigger values along both the 

imaginary and the 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. 5ɀ1 Impedance characteristics of the two resonators, QCM1 and QCM2, on a QCM-ECIS 
sensor, performing oscillations in air, 24 h after loading the top side with medium and after 
MDCK-II 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 center (Ø = 0.5 mm) in order to 
generate a WE for ECIS-mode measurements. Values were obtained by spline-interpolation of 
data points in the respective frequency regions.  

Resonator Load Ὢȿȿ /  

MHz 

ȿὤȿ /  
kOhm 

Ὢ/  
MHz 

Ὢ/  

MHz 

Ὢȿȿ /  

MHz 

ȿὤȿ /  
kOhm 

• / ° 

QCM1 + 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 

 MDCK-II cells 4.983 2.8 - - 4.990 11.4 Ͼ8 

QCM2 air 5.007 1.4 5.007 5.011 5.011 50.7 53 

 medium 5.004 1.8 5.006 5.008 5.010 10.5 11 

 MDCK-II cells 5.003 2.6 - - 5.010 7.9 Ͼ19 
 

In each representation of the oscillation impedances a secondary resonance can be observed for QCM1 

and QCM2 at frequencies where the respective other oscillator is resonant. This coupling effect has 

already been described and discussed in the previous chapter (4.1.5). It is most pronounced for quartz 

oscillations in air and vanishes with increasing damping. These side resonances appear far away from 

fundamental resonances and thus do not perturb the extraction of minimal impedance values for a time-

dependent analysis. The cells show similar mechanical interaction with the different surfaces of the two 

resonators, photoresist (QCM1) and gold (QCM2), as evident from similar changes of the characteristic 

oscillation parameters (Tab. 5ɀ1). In summary, it was demonstrated that the QCM-ECIS sensor in QCM-

mode is capable for reporting with two individual sensor spots on the mechanical interactions of the cells 

with their growth substrate. This provides the basis for applying the QCM-ECIS platform as sensor for 

cell attachment and spreading and as whole-cell biosensor for monitoring micromechanical (viscoelastic) 

alterations of an intact cell layer.  
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5.1.5 ECIS-mode: Electrochemical Characterization of the Sensor 

After recording the piezoelectric impedances of QCM1 and QCM2 in QCM-mode (Fig. 5ɀ2 A), the 

electrode contacts were switched to the electrodes on the upper side of the dual sensor (Fig. 5ɀ2 B) in 

order to record in ECIS-mode the electrochemical impedance characteristics of the WE. The ECIS-mode 

capability of the sensor was tested across a wide frequency window from 1 Hz to 1 MHz. The electrical 

impedance properties described below were measured with the standard QCM-ECIS sensor layout 

(3000 rpm, WE-Ø = 0.5 mm). Impedance spectra were recorded after equilibration of the coated sensor 

under 1.5 mL serum-free medium for Ḑ 24 h, and the day after seeding (450 000 cells/ cm2) MDCK-II cells 

on the sensor, when cells have formed a confluent monolayer across the coated and uncoated electrode 

on the top side of the sensor.  

In Fig. 5ɀ7, the spectra of impedance magnitude (Fig. 5ɀ7 A) and phase (Fig. 5ɀ7 B) in ECIS-mode are 

illustrated for the electrodes immersed in serum-free medium (SFM; ) and for MDCK-II cell-covered 

electrodes ( ). A 3-D representation of the electrochemical impedance data with the three 

perpendicular axes, Ὢ, ȿὤȿ, and •, is shown in SI 10 A (p. 266). The experimental impedance spectra in 

Fig. 5ɀ7 A and B are very similar to the simulated impedance magnitude and phase spectra of cell-free 

and a cell-covered ECIS electrodes shown in Fig. 3ɀ15 (p. 53). In the cell-free situation the impedance is 

dominated by the double layer capacitance of the WE in the frequency range of 1 ɀ 104 Hz. This is 

reflected in the constant negative slope of the impedance magnitude of Ͼ1 (ὤ ÊϽ‫ὅ ) as well as 

in phase shift values of almost Ͼ90 °. Deviations from an ideal capacitive behavior are accounted for by 

describing the electrode as CPE in equivalent circuits. In the high frequency band (Ὢ > 104 Hz) the current 

flow through the system is determined by the bulk resistance of the electrolyte (SFM), which is expressed 

by ȿὤȿ converging to a constant, frequency independent level and by an convergence of the phase shift 

from Ͼ90 ° towards 0 °. For cell-covered electrodes, the impedance situation is different. In the very high 

and very low frequency regions, the impedance is still dominated by the electrode capacitance (Ὢ < 10 Hz) 

and the bulk resistance (Ὢ > 105 Hz), respectively. However, the impedance is significantly increased in-

between by the presence of cells on the WE, which act as insulating particles. A capacitance and 

resistance in parallel, in series to the CPE of the WE and the bulk resistance, can approximately describe 

the impedance of a cell-covered WE (cf. spectral properties of an R||C circuit in Tab. 3ɀ4 B, p. 29). This is 

confirmed by the phase of the impedance. Scanning from low to high frequencies (Ὢ > 10 Hz), the phase 

of the cell-covered sensor firstly deviates from Ͼ90 ° of the ideal electrode capacitance towards more 

positive values around 102 Hz, reflecting an increasing resistance contribution by the MDCK-II cells. 

Around 103 ɀ 105 Hz, the membrane capacitance of the cells play a decisive role for current pathways 

through the cell layer, reflected in a phase drop towards Ͼ90 ° again, until at higher frequencies 

(Ὢ > 105 Hz) the bulk resistance of the medium determines the entire impedance/ phase signal. The 

frequency region in which the cell layer affects impedance and the extent of its impedance contribution 

depends on the cell type. Critical properties are the tightness of intercellular junctions, the average radius 

of cell bodies, the cell-electrode distance, the specific resistivity of the subcellular electrolyte, and the 

membrane capacitance of the cells (cf. Fig. 3ɀ17 and subsection 3.4.3). For instance, the ECIS data of 

MDCK-II cells on the QCM-ECIS sensor (  in Fig. 5ɀ7) show impedance contributions by the cells across 

three orders of magnitude of frequency. Moreover, the MDCK-II cell layer increased the magnitude of 

impedance by a factor of almost six at the most sensitive frequency. Absolute values are listed in Tab. 5ɀ

2. A dotted line in Fig. 5ɀ7 A, B indicates the sensitive frequency. It is determined from the normalized 

impedance spectrum ȿὤȿÎÏÒÍὪ shown in Fig. 5ɀ7 D, representing the impedance spectrum of a cell-

covered sensor divided by that of a cell-free sensor (ȿὤȿÎÏÒÍȿὤȿ×Ⱦ ÃÅÌÌÓȿὤȿ×ȾÏ ÃÅÌÌÓϳ ). This provides a peak 

function with the sensitive frequency as the frequency where ȿὤȿ changes most due to the cells 
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(Ὢ ȿὤȿ = ὪȿὤȿÎÏÒÍ). For the exemplary data, the peak maximum of ȿὤȿÎÏÒÍ was determined at 

Ὢ ȿὤȿ = 2.5 kHz.  

For a better and 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 resistance, 2Åὤ Ὑ. Since inductive elements are not present in the 

observed electrochemical system, the imaginary part of the impedance is expressed by an equivalent 

capacitance, )Íὤ ‫ὅ . The representation of the complex impedance by the respective values 

of resistance ( , ) and capacitance ( , ) is shown in a frequency dependent manner for cell-free 

(open symbols) and cell-covered (filled symbols) electrodes in Fig. 5ɀ7 C. A corresponding 3-D 

representation of the electrochemical resistance and capacitance data with the three perpendicular axes, 

Ὢ, ὅ, and Ὑ, is shown in SI 10 B (p. 266). The resistance and capacitance spectra that are extracted from 

the experimental electrical impedance (Fig. 5ɀ7 C) show profiles similar to the simulated data presented 

above in Fig. 3ɀ16 (p. 54). From the spectra in Fig. 5ɀ7 C, one can see the most pronounced response of 

the resistance to the MDCK-II cell layer at lower frequencies (Ὢ Ὑ  = 200 Hz), whereas the capacitance 

is sensitive for the presence of MDCK-II cell membranes on the WE at elevated frequency levels 

(Ὢ ὅ  = 32 kHz). Fig. 5ɀ7 D shows the respective spectra of normalized resistance (ὙÎÏÒÍ
Ὑ×Ⱦ ÃÅÌÌÓὙ×ȾÏ ÃÅÌÌÓϳ ; ) and normalized capacitance (ὅÎÏÒÍὅ×ȾÏ ÃÅÌÌÓὅ×Ⱦ ÃÅÌÌÓϳ ; ). The presence of a 

confluent MDCK-II cell layer on the WE causes a decrease in the capacitance by a factor of six and a 32-

fold increase in the resistance at the respective frequencies, with respect to the WE exposed to cell 

culture medium only. Absolute values of parameters are summarized in Tab. 5ɀ2. Stray capacitances due 

to the wiring cause a drop of the capacitance at Ὢ > Ḑ 50 kHz. Here, the experimental data deviate from 

the simulated curves, as parasitic effects have not been considered in the model calculations.  

Fig. 5ɀ7 E shows the ECIS data represented in the complex plane, with the linear axes  2Åὤ and ÊϽ

)Íὤ. The imaginary axis is plotted inversely for a better presentation. The bright grey inset in Fig. 5ɀ

7 E shows a zoom-in to the high frequency range to hide the CPE contribution of the WE, which 

dominates at low frequencies, and to visualize the impedance contribution of cells in the complex 

presentation. The cell-free sensor ( ) exhibits impedance properties of a CPE with dominating 

capacitive contributions in series with the bulk resistance of the electrolyte (cf. Tab. 3ɀ4 A). Cells 

(MDCK-II) on the WE ( ) add a R||C element in series to the serial CPE-Rbulk circuit. This is noticeable in 

a knick in the curve at Ὢ > 300 Hz compared to the cell-free situation (see inset in Fig. 5ɀ7 E), which reveals 

the semicircle of a R||C element in the complex plane (cf. Tab. 3ɀ4 B). For Ὢ < 300 Hz the CPE dominates 

current flow, illustrated by a strong increase of the imaginary part. A further zoom-in to the maximal 

frequency (dark grey insert in Fig. 5ɀ7 E) uncovers that the curves do not cross the origin of the complex 

plane. This reflects the constant real part contribution of the bulk resistance (offset in x-axis direction; 

cf. Tab. 3ɀ4 C) as well as stray capacitances arising from the wiring (offset in y-axis direction). Fig. 5ɀ7 F 

extends this 2-D plot to a 3-D Nyquist plot by the introduction of the frequency Ὢ as the third axis. All 

axes are perpendicular to each other and are presented in logarithmic scale. The projection of the curves 

to the complex plane (left back plane) mirrors a double-logarithmic presentation of the 2-D Nyquist plot 

shown in Fig. 5ɀ7 E. The projection to the xy-plane (bottom plane) reflects the resistance spectra shown 

in Fig. 5ɀ7 C (2Åὤ Ὑ), and the projection in the xz-plane (right back plane) illustrates modified 

capacitance spectra ()Íὤ ‫ὅ ). 
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Fig. 5ɀ7 Electrical impedance spectra of a QCM-ECIS sensor in ECIS-mode. (A) ȿὤȿὪ and (B) 
•Ὢ are shown for the sensor loaded with cell culture medium ( ) and covered with a confluent 
layer of MDCK-II cells ( ). The most sensitive frequency of maximal cell response of ȿὤȿ is 
indicated (2.5 kHz). (C) Spectra of equivalent resistance (ὙὪ; , ) and capacitance (ὅὪ; 

, ) were extracted from the real part (2Åὤ Ὑ) and the imaginary part ()Íὤ

‫ὅ ) of the complex impedance and are shown for the cell-free (open symbols) and the cell-
covered (filled symbols) sensor. The most sensitive frequencies of Ὑ and ὅ with respect to cell 
coverage of the WE are indicated (200 Hz and 32 kHz, respectively). (D) Normalized spectra of ȿὤȿ 
( ; ȿὤȿÎÏÒÍȿὤȿ×Ⱦ ÃÅÌÌÓȿὤȿ×ȾÏ ÃÅÌÌÓϳ ), Ὑ ( ; ὙÎÏÒÍὙ×Ⱦ ÃÅÌÌÓὙ×ȾÏ ÃÅÌÌÓϳ ) and ὅ ( ; ὅÎÏÒÍ
ὅ×ȾÏ ÃÅÌÌÓὅ×Ⱦ ÃÅÌÌÓϳ ), corresponding to the spectra of cell-free/ cell-covered WEs in A and C. The peak 
maxima provide the most sensitive frequency of each parameter, as indicated. (E) 2-D and (F) 3-D 
Nyquist representation of the complex impedances. Note: the imaginary axis (z-axis) is displayed 
inverted, and axes in E are linear while they are logarithmic in F. Impedance values were recorded 
at 61 equidistant frequencies between 1 Hz and 1 MHz.  








































































































































































































































































































































































































