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Abstract 

Models and method for the interpretation of impedance spectra for normal and 

cancer cells before and after electrical stimulation, focusing on nanosecond pulsed 

electric fields (nsPEFs), were investigated to describe salient features and their 

development that were observed in dedicated in situ experimental studies. For the first 

time a non-invasive, real-time and label-free method was established to explore 

temporal changes and their underlying physical processes of adherent cells for 

characteristics of cell-cell connections and the extracellular matrix. Therefore, different 

procedures for a reduction and visualization of impedance data for cell monolayers 

were developed on the basis of complex nonlinear least squares, multivariate analysis 

or a deconvolution method. These approaches pave the way for a sensitive distinction 

and quantification of effects of electrical stimulation on different cell lines. The 

investigation encourages the further development into a clinical tumor diagnostic, 

especially for treatments with nsPEFs but in general also other methods of electrical 

stimulation. 
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Zusammenfassung 

Modelle und Methoden zur Interpretation von Impedanzspektren für normale und 

Krebszellen vor und nach elektrischer Stimulation, mit dem Fokus auf Nanosekunden-

gepulste elektrische Feldern, wurden untersucht, um herausragende Merkmale und 

deren Entwicklung zu beschreiben, die in speziellen in situ Experimenten beobachtet 

wurden. Zum ersten Mal wurde eine nicht-invasive, zeitnahe und markierungsfreie 

Methode entwickelt, um zeitliche Veränderungen und diesen zugrunde liegenden 

physikalischen Prozessen hinsichtlich der Eigenschaften von Zell-Zell-Verbindungen 

und der extrazellulären Matrix zu untersuchen. Dazu wurden verschiedene Verfahren 

zur Reduktion und Visualisierung von Impedanzdaten für Zellmonoschichten auf der 

Basis komplexer nichtlinearer kleinster Fehlerquadrate, multivariater Analysen oder 

einer Entfaltungsmethode entwickelt. Diese Ansätze bereiten den Weg für eine sensitive 

und Quantifizierung von Effekten elektrischen Stimulation auf unterschiedliche 

Zelllinien. Die Untersuchung ermutigen die Weiterentwicklung hin zu einer klinischen 

Tumordiagnostik, speziell für Behandlungen mit nsPEFs, aber generell auch anderen 

Methoden der Elektrostimulation. 
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1.1 Introduction 

Impedance spectroscopy (IS) is widely used for the characterization of the 

dielectric properties, i.e. conductivity and permittivity, of materials in different fields, 

including in particular, electrochemistry, but also for biological and medical 

applications. The strength of the method, in general, is a comprehensive description of 

the entire system, comprised of the material of interest and the respective interfaces 

through electrically conductive electrodes [1-4]. IS measurements are usually 

conducted by interpreting the response to weak electrical signals. Inherent advantages 

are non-invasiveness, real-time assessment of responses to system changes, and for the 

application towards biological cells, no need for chemical or other fluorescent labels, 

along with the description of even sensitive features [5]. 

IS has therefore benefits especially also for the development of novel cancer 

therapies that are based on the application of electric fields. In this case, any responses 

are directly associated and reflected by the electrical properties [6, 7]. A pertinent 

example are currently emerging tumor treatments with nanosecond pulsed electric 

fields (nsPEFs), where IS could be used to directly and immediately predict any long-

term treatment success [8-13].  

The interest in nsPEFs for tumor treatments is based on the discovery of the 

possibility for intracellular manipulations and especially the induction of apoptosis in 

early 2000s [14-17]. In the meantime, first clinical trials are being conducted [18-20]. 

The principle mechanism for the application of nsPEFs is the electroporation of outer 

cell membrane but more importantly also of intracellular membranes [14]. The concept 

of electroporation was first proposed in 1972 by Neumann et al. to describe the increase 

of permeability of the outer cell membrane after exposure to intense electric fields [21]. 
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This conventional electroporation is usually observed for pulsed electric fields with 

durations in the range from microseconds to milliseconds [7, 22]. Typical applications 

of the method are based on the exploit of the transiently increased permeability of the 

membrane to introduce drugs, e.g. chemotherapeutics, or genes into the cells [23, 24]. 

Another application is the induction of an irreversible electroporation and eventual 

complete loss of cell integrity after more intense exposures to directly kill the cells [22]. 

Thresholds and exposure conditions for the electroporation of cell membranes 

strongly depend on the charging time constant of cell membranes, which in turn is 

determined by the conductivity and permittivity of the membrane [25]. The charging of 

the cell membranes to transmembrane voltages that are necessary to promote 

electroporation is in addition also subject to the conductivities of the exposure medium 

and the cytoplasm (and to some degree also their permittivity). Accordingly, for 

physiological conditions, the application of rather long electric field pulses with slow 

rise times, as they are used for conventional electroporation, results only in a charging 

of the outer cell membrane, whereas due to the simultaneously arising counter-field the 

cell interior remains essentially field-free. Conversely, short and fast rising pulses, i.e. 

nsPEFs, can during their application also affect and charge the membranes of organelles. 

This can be described (in the frequency domain) by the higher frequency components 

for the applied pulsed electric fields, which are missing for the slower pulses [26, 27]. 

Yao et al. presented in 2009 a consistent model, accordingly, for the frequency-

dependent effects of external electric fields on cells [26] confirming biological findings 

that pulsed electric fields with different durations lead to selective effects on inner and 

outer membranes due to different charging time constants. 

For the strong and direct correlation of underlying physical mechanisms and 

intended biological responses with dielectric parameters, IS is the method of choice for 
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their investigation. Accordingly, it could be shown that nsPEFs induce different changes 

of electrical properties of cells in suspension compared to microsecond PEFs [8, 9, 13]. 

However, all the studies so far have been conducted to evaluate the characteristics of 

single cells in suspension. With respect to cells in tumors, there are certain limitations 

for the relevance of such studies: (i) no cell-to-cell connections and contributions of the 

extracellular matrix have been taken into consideration, (ii) the interpretation of results 

highly depends on the prior assumption of electrical models, such as single and double 

shell models [8, 9, 12]. 

An alternative model, addressing these shortcomings, is the investigation of cell 

monolayers. A cell monolayer grown directly on electrodes that are used for electrical 

exposures and impedance diagnostics, retains the most important features of a complex 

tissue structures, such as cell-cell interactions and extracellular matrix. 

An advanced IS-technique for the analysis of cell monolayers and adherent cells in 

general is ‘electrical cell-substrate impedance sensing’ (ECIS), which was proposed in 

the 80s of the last century. Giaever and Keese first developed ECIS to monitor 

fibroblasts behavior [28-31]. For ECIS, cells are grown on opposing electrodes that are 

embedded in the bottom of special cell culture dishes. ECIS measurements were proved 

to be highly sensitive to properties of the cell layer, including cell-cell and cell-substrate 

adhesions, cellular membrane properties, motility, and thickness of the cellular layer [5, 

6, 32]. 

ECIS offers unique advantages for the study of the electroporation and impedance 

measurements of adherent cells. Since size and distances between electrodes on an 

ECIS chip are usually on the order of micrometers, very low voltage can be used to 

induce electroporation, reducing the requirements of electric field generator and risky 
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usage of high voltage. 

The principle concept of cell growth and associated current flows that are relevant 

for an impedance analysis by ECIS is illustrated by the diagram presented in Fig. 1. 

Cell connections are established primarily by tight junctions (TJs). These proteins form 

an intercellular barrier and intramembrane diffusion fence in epithelial and endothelial 

cells that govern the permeability for molecules and other cells through the extracellular 

space [33]. TJs also play an important role in cancer metastasis [34]. Changes of TJs 

can reveal the transformation of cancer cells from respective normal cells appearing as 

the loss of the cell-cell association and cell contact inhibition.  

Two pathways are shown in Fig. 1 for the possible flow of current either through 

the paracellular space or intracellular space (represented by the blue and red arrows, 

respectively). Low frequency currents (blue arrow) are prevented to penetrate through 

the at low frequencies highly resistive plasma membrane and are therefore prevalent in 

the paracellular space. In contrast, high frequency currents can capacitively couple 

across the plasma membrane and pass through the intracellular space. 
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The availability of ECIS devices prompted an increasing interest for noninvasive 

and in situ impedance monitoring the electroporation of adherent cells [35]. Ghosh et 

al. started using ECIS for measurements at only a single frequency of 4 kHz to monitor 

electroporation of fibroblasts after exposure to a 200 ms low voltage (1 V) pulse 

through changes of resistance [31]. The work revealed that the decrease and increase of 

resistance were related to the electroporation and the subsequent resealing process, 

respectively.  

Stolwijk et al. applied AC voltage pulses with frequency of 40 kHz and different 

pulse amplitudes and durations to induce electroporation of adherent cells and used 

single-frequency ECIS to monitor any changes of cells [4]. The time-resovled 

impedance measurements at 4 kHz revealed a transient membrane breakdown 

immediately after exposure due to electroporation followed by a gradual resealing 

process within dozens of seconds. Afterwards, the impedance experienced a decrease 

 

Fig. 1 Pathways of low frequency (blue arrows) and high 

frequency (red arrows) electrical currents across a cell monolayer 

grown on an ECIS electrode arrangement. 
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again resulting from the changes of the cell shape. 

Although ECIS has already successfully applied for the study of conventional 

electroporation in cell monolayers, so far no studies have been conducted for nsPEF. In 

addition to this first objective, the presented work aimed concurrently at the 

development of novel methods for the interpretation of ECIS measurements. The latter 

so far depends highly on prior assumptions for the underlying electrical models and a 

priori knowledge of the system. 

The extraction of the information from IS spectra is challenging. The multi-

frequency impedance data from an IS experiment normally requires dimensionality-

reduction for the sake of the investigation. An conventional analysis, i.e. by equivalent 

circuit models, shows ambiguities, since usually more than one model is capable to fit 

the experimental data equally well [36, 37]. This poses a problem for the delineation of 

phenomena, e.g. the effect on TJs. Complex biological systems can include numerous 

components and phenomena over vast space- and timescales with complex interactions 

between different components and events at different scales [38]. Therefore, an 

appropriate interpretation of IS spectra either needs to take this complexity into account 

or avoid it.  

1.2 Objectives and structure of the thesis 

Changes of dielectric properties of individual cellular components, e.g. permittivity 

and conductivity of inner and outer membranes as well as cytoplasm, after exposure to 

nsPEFs have already successfully been documented for single cells in suspensions. 

However, so far a similar analysis has not been conducted for the multicellular 

organization of cells in a monolayer as a model for the complexity of tissues. An 

investigation of respective responses, with an outlook towards a predictive analysis for 
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nsPEF tumor therapies, was the main motivation of the presented research project. 

Therefore, the method of ECIS was adapted and further developed.  

The study of nsPEF-effects on cell monolayers in the ECIS-like system required to 

address several questions: (i) exposure systems and dielectric diagnostics needed to be 

developed and integrated with each other; (ii)  effects of nsPEFs on cells via ECIS 

have to be confirmed; (iii) effective electrical models to describe the nsPEF-effects on 

cells have to be developed; (iv) mechanisms and relation with underlying biological 

responses needed to be confirmed by comparison with standard methods, e.g. 

fluorescence microscopy; (v) findings needed to be validated for different cell lines and 

conditions; (vi) novel and practical approaches for the interpretation of impedance data 

with respect to future clinical applications needed to be developed. 

With these questions in mind the following was pursued and is discussed in detail 

in Chapter 2: 

1) Based on standard ECIS electrode arrays, exposure and diagnostic systems as 

well as methods were devised. Exposures were evaluated by the distribution of 

electric fields with respect to nsPEF-electroporation requirements. Biological 

responses, especially for the development of the so far not investigated 

extracellular space, were compared to results for equivalent exposure conditions 

by the fluorescent staining of tight junction proteins. A Cole model served as 

the initial basis for the interpretation of results (c.f. Article no. 1); 

2) Method and approach were validated by a comparison of impedance data for 

different cell lines, i.e. two cancer cell lines and two normal cell lines. As an 

overreaching goal this suggests the possibility to discriminate normal cells from 

cancer cells. For a more significant distinction, in addition to the analysis by a 
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Cole model also a principal component analysis was applied for guiding future 

clinical applications that do not necessarily require an understanding of physical 

mechanisms (c.f. article no. 2); 

3) A novel and universal strategy of deconvolution of impedance spectra, i.e. 

distribution of relaxation times (DRT), is developed for cell monolayers before 

and after exposure to nsPEFs. The approach allows a more sensitive analysis 

than the Cole model, revealing different and unambiguous dispersions of 

different components in the cell monolayer (c.f. article no. 3). 

1.3 Electrical Models based on Complex Nonlinear Least 

Squares Fits 

Cole et al. have proposed the Cole model in 1941 to describe impedance spectra of 

dielectric materials [39]. The basic model has in the meantime continuously been 

extended towards different systems, including cells, tissues and implant coatings. 

Accordingly, nowadays, many electrical models have been applied and documented for 

biological systems [30, 36]. Cole models are, hence, still the most common strategy and 

often a first approach for the interpretation of IS spectra. 

Therefore, an IS spectrum is fitted into a respective model comprised of resistors, 

capacitors and constant phase elements that represent the electrical properties of 

different components of the system. A constant phase element (CPE) is an equivalent 

circuit component to describe a non-ideal capacitor. Measured impedance spectra are 

then compared to the response of the model system and parameters of the individual 

components adjusted (or the model improved by additional components) until a good 

agreement is achieved between measurements and calculations. This fitting process is 
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approved by evaluation of complex nonlinear least squares (CNLS), first suggested by 

Macdonald and Garber in 1977 [40]. The CNLS method can use of all of the data 

simultaneously, i.e. real and is therefore a practical approach [41]. 

A standard way to derive CNLS is to look at an object function (S) for a given 

model with 𝑍௙௜௧(𝜔; 𝑷), describing the impedance of the system as a function of both 

angular frequency (𝜔), and a set of model parameters (𝐏), waiting to be determined by 

minimizing the object function: 

 
S = ෍ ൝ቈ

𝑍௘௫௣
ᇱ − 𝑍௙௜௧

ᇱ (𝜔௜; 𝑷)

𝑍௘௫௣
ᇱ

቉

ଶ

+ ቈ
𝑍௘௫௣

ᇱᇱ − 𝑍௙௜௧
ᇱᇱ (𝜔௜; 𝑷)

𝑍௘௫௣
ᇱᇱ

቉

ଶ

ൡ

௞

௜ୀଵ

 (1) 

The underlying electrical models can be classified either as ‘explanatory’ or 

‘descriptive’ [42]. An explanatory model aims to reflect the electrical properties of the 

various microanatomical structures and components, requiring comprehensive 

knowledge about the physical mechanisms behind phenomena in biological materials. 

This level of understanding is difficult or even impossible to obtain for an in reality 

only deficient to describe system. In contrast, a descriptive model does not consider the 

anatomy of the biological system and only needs to find one electric circuit matching 

system admittance and measured frequency response. Therefore, this approach is 

simpler and more practicable than the setting up of an explanatory model. Nevertheless, 

considerable efforts are required to correlate descriptive model parameters with 

phenomena of the biological system. 

The development of specific models is further challenged by a necessary and 

truthful representation of the electrodes and electrode processes that are interacting with 

the biological system and which cannot a priori be avoided or neglected. This is in 
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particular the case for cells actually growing and adhering on the electrodes of a 

standard ECIS electrode array. In comparison, for impedance measurements on cells in 

suspension, basically only processes of the electrolyte with the electrodes need to be 

taken into account. 

Giaever and Keese regarded adherent cells as circular disks (with radius rc) 

hovering in a distance, dcleft, above the electrode surface and developed an explanatory 

model for a confluent cell layer as shown in Fig. 2 [30]. The impedance of the system 

included contributions from the electrode-electrolyte interface (Zn) and cell layer (Zm) 

as well as the resistance of the paracellular space (Rp). The model is based on several 

assumptions. The resistance of the cytoplasm (Rcyt) and the membrane (Rm) was 

neglected, considering to very small values for Rcyt and very large values for Rm for 

most cell types [43]. Accordingly, Zm is dominated by the membrane capacitance (Cm), 

of cells, described by 𝑍௠ = 2/(𝑖𝜔𝐶௠). Eventually, the impedance for a cell-covered 

electrode can be expressed: 

 

Z = (𝑍௡ + 𝑍௠) ൮1 +

𝑍௠

𝑍௡

𝑖𝛾𝑟௖

2
𝐼଴(𝛾𝑟௖)
𝐼ଵ(𝛾𝑟௖)

+ 𝑅௣(
1

𝑍௡
+

1
𝑍௠

)
൲

ିଵ

 (2) 

with 

 
γ =

𝛼

𝑟௖

ඨ
1

𝑍௡
+

1

𝑍௠
 (3) 

 α = 𝑟௖ ∙ ට
𝜌

𝑑
 (4) 
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where 𝐼଴  and 𝐼ଵ  are modified Bessel functions of the first kind of order 0 and 1, 

respectively.  

This initial model was completed by introducing a constant phase element (CPE) 

to approximate the impedance of the electrode/electrolyte interface and an additional 

resistance of the bulk electrolyte (𝑅௠௘ௗ). This changes the equation as follows: 

Z = (𝑍஼௉ா + 𝑍௠) ൮1 +

𝑍௠

𝑍஼௉ா

𝑖𝛾𝑟௖

2
𝐼଴(𝛾𝑟௖)
𝐼ଵ(𝛾𝑟௖)

+ 𝑅௣(
1

𝑍஼௉ா
+

1
𝑍௠

)
൲

ିଵ

+ 𝑅௠௘ௗ (5) 

with  

 
γ =

𝛼

𝑟௖

ඨ
1

𝑍஼௉ா
+

1

𝑍௠
 (6) 

and the impedance of the electrode/electrolyte interface described by 

 𝑍஼௉ா =
1

𝐾(𝑖𝜔)ఎ
 (7) 

where 𝐾 is a constant related to the capacitance and 0<𝜂<1, it is purely capacitive 

when 𝜂 = 1.  



 

13 

 

In 1995, Lo et al. extended the model to be more applicable to confluent epithelial 

cell monolayers with high junctional resistance by additionally including a pathway for 

the currents flowing through the lateral membrane (in contact with the electrode) and 

out through the apical membrane [44].  

Later on, Lo et al. modified the model further, assuming a rectangular cell shape, 

tapering into a half disk shape attached at each end, to appropriately describe normal 

fibroblasts [45]. The impedance of the cell-covered electrode was calculated according 

to Zc = (cell area)*V/I. The total current (I) was derived by individually calculating 

the currents for the flow through the rectangular shape (Irec) and through the disk (Idisk) 

by I = Irec+Idisk. The evaluated cell-substrate distance for this extended model had a 

better agreement with the results obtained from interference reflection microscopy than 

the previously assumed disk shape (shown in Fig. 2). 

With an increasing number of studies for ECIS, also some simplified models were 

suggested. Wegener et al. presented a rudimentary descriptive model to investigate 

 

Fig 2 A disk-shaped cell model with radius rc and thickness d 

for original ECIS measurement. Low frequency currents (blue 

arrows) flow the paracellular space, high frequency currents (red 

arrows) can pass through cells. 
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bovine aortic endothelial cells, where the cell layer was related just to a resistor and a 

capacitor in parallel and the electrode polarization was represented by a CPE [46]. The 

resistance was determined by the paracellular resistance and the capacitance 

represented the capacitance of the plasma membrane. 

Goda et al. proposed a mathematical model considering the impedance of the 

medium between cells (Zmed), of the cells (Zcell) and for the electrode polarization (ZEP) 

without restrictions on cell shape and size [47]. Both Zmed and Zcell comprised a circuit 

element of a resistor and a capacitor connected in parallel. The RC circuit for Zmed 

resembled the cell-cell separation and ZEP depended on the cell-substrate distance. The 

model is shown in Fig. 3.  
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Rahman et al. reported a model utilizing a CPE and a resistor in parallel to represent 

the cell layer [48]. The electrode was coated with a polymer layer and its impedance 

together with the electrode polarization were represented by two CPEs connected in 

parallel. The model approximated the experimental data over a broad frequency range 

from 100 Hz to 10 MHz. 

More recently, Szulcek et al. presented a general equivalent circuit model for cell-

covered electrodes in the article to summarize a protocol for ECIS experiments [5]. This 

model specifically included resistors to separately characterize junction resistance and 

cell-substrate resistance as shown in Fig. 4. 

Abovementioned models have been used successfully for the description of 

 

Fig. 3 The equivalent circuit model proposed by 

Goda et al.. 
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dielectric characteristics of cell monolayers. However, none of them have been applied 

towards the study of pulsed electric field exposures and electroporation, respectively. 

The pathways that are introduced by an increased permeability of cell membranes 

conceivable require the modification by additional circuit elements for this 

phenomenon. 

García-Sánchez et al. used a Cole model to investigate impedance spectra of 

adherent cells during electroporation [49]. The recording of the impedance of cells and 

trigger of electroporation was performed in situ by a spiral microelectrode assembly 

above the cell monolayer. The temporal evolution of a Cole parameter (R0) representing 

resistance at very low frequencies showed two different developments after the 

Fig. 4 A simplified and general 

equivalent circuit model for an adherent cell 

layer on ECIS electrodes. 
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exposure of cells to PEFs of microsecond duration. One is a short-term impedance drop, 

followed by recovery, consistent with transient membrane electroporation and 

subsequently resealing between two pulses. The other one is a long-term impedance 

drop resulting from the accumulation of more stable pores that were generated.  

Since this Cole model explicitly incudes also electroporation phenomena for a real-

time exposure and diagnostic system, it was also chosen for the work presented here 

(article no. 1 and article no. 2). 

1.4 Statistical Analysis 

Multi-frequency impedance measurements result in large amounts of correlated 

and possibly redundant data. A data reduction can be achieved by the aforementioned 

model-based approaches. Fitting experimental spectra to a mathematical equation of an 

assumed model, e.g. equivalent circuit representations, which provide the uncorrelated 

model parameters of interest. However, the method requires a priori assumption for the 

system and is therefore inevitably ambiguous. Conversely, data reduction can be 

accomplished by a multivariate analysis directly from the raw data without model 

assumptions. An instructive straightforward procedure is available through a principal 

component analysis (PCA), invented by Pearson in 1901 [50]. The number of possibly 

correlated dimensions of the measurements is reduced by removing in particular 

linearly dependent information.  

Suppose experimental data for m samples with n features for each sample, e.g. n 

phase values for respective frequencies. This data set can be described by a m×n matrix 

𝑋⃑ with m dimension determined by the number of samples and n dimensions according 

to the results obtained for each frequency of an individual sample. The aim of a PCA is 

to reduce the corresponding large number of original features by defining new and 
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fewer common characteristics, which are well distinguished from each other.  

First, the matrix 𝑋⃑ is scaled to normalize values for individual frequencies. This 

step is in particular necessary for impedance measurement since a typical impedance 

measurement spans several orders of magnitude for measurements at different 

frequencies and the associated amplitudes of respective impedance values. The largest 

amplitudes will determine the performance of the PCA. A matrix 𝐵ሬ⃑   can then be 

calculated according to 𝐵ሬ⃑ =
௑ሬ⃑ ି௑ത

௩௔௥(௑ሬ⃑ )
  resulting in a vanishing mean (zero) and 

normalized variance (one) for each column.  

In the next step, the covariance matrix for 𝐵ሬ⃑   is calculated, i.e. 𝐶 =
஻ሬ⃑ ೅஻ሬ⃑

௡ିଵ
 . 

Afterwards, eigenvector 𝑉ሬ⃑   and eigenvalues 𝐷ሬሬ⃑   are derived through 𝑉ሬ⃑ ିଵ𝐵ሬ⃑ 𝑉ሬ⃑ = 𝐷ሬሬ⃑  . 

Eventually, the dimensionality by choosing only the eigenvectors with the highest 

eigenvalues for a matrix representation, i.e. the principal components of the data set. 

PCA has become a popular method for the classification and evaluation of 

bioimpedance measurements. Lindholm-Sethson et al. utilized PCA to identify the 

differences of diabetes-related changes between males and females as well as for the 

discrimination of diabetic patients and control groups [51]. Cannizzaro et al. used 

various methods, including PCA, to develop an on-line biomass monitoring system for 

CHO perfusion cultures. Especially the frequency range for the largest differences 

between capacitances of different biomass could be determined by PCA [52]. 

Nejadgholi et al. compared the classification accuracy for various sets of bioimpedance 

of a cylindrical body organ simulated by an electrical circuit through PCA, soft 

independent modeling of class analogy (SIMCA) and Cole model, PCA was found more 

discriminant than an evaluation of Cole parameters [53]. 
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The performance of PCA for differentiation and classification by impedance 

spectroscopy in these different applications suggests the method also for the 

discrimination of cancer and normal cells and their response to nsPEF (article no. 2). 

1.5 Deconvolution of Impedance Spectra 

Two common strategies for the interpretation of impedance measurements have 

been described in the preceding chapters. Both approaches have been successfully 

applied towards the investigation of nsPEF-effects on cell monolayers (c.f. articles 

no. 1 and 2). Despite their success, the respective evaluations encourage the pursuit of 

alternatives that would allow to overcome individual shortcomings of both approaches. 

The interpretation of impedance measurements by an equivalent circuit model is prone 

to ambiguities since the data can usually be fitted to more than one model equally well. 

Conversely, no physical meaning can be associated to a distinction of results by an in 

essence purely statistical treatment, such as PCA. A descriptive method that in part 

relies on a statistical analysis but delivers parameter that are inherently associated with 

fundamental physical mechanisms, is the distribution of relaxation times (DRT). 

The polarization processes in an electrochemical system are directly characterized 

by the respective relaxation times and relaxation amplitudes (loss factors) [2]. 

Therefore, the distribution of relaxation times (DRT) becomes the basic quantity of 

interest in an impedance analysis. The DRT is directly related to polarization processes 

and therefore a method without the need of prior assumptions for electrical models or 

any a priori knowledge of the system. However, the necessary complicated and 

computation cumbersome deconvolution of impedance spectra has limited the wider 

spread use of the DRT method until recently.  

The impedance (ZDRT(f)) at a specific frequency (f) was described by Fuoss and 
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Kirkwood by an integral function, i.e. convolution function, for the probability density 

function (()) describing the distribution of relaxation times () [54]. 

 
𝑍஽ோ்(𝑓) = 𝑅௢௛௠௜௖ + 𝑅௣௢௟ න

𝛾(𝜏)

1 + 𝑖2𝜋𝑓𝜏
𝑑𝜏

ஶ

଴

 (8) 

with 

 
න 𝛾(𝜏)𝑑𝜏 = 1

ஶ

଴

 (9) 

where Rohmic is the ohmic part of the impedance (frequency-independent) and, Rpol 

is the polarization resistance of the impedance. 

A succinct derivation of equation 8 can be obtained with the assumption that all 

physical processes are relaxations and consequently an electrical response (e.g. voltage) 

will decay exponentially after a step perturbation input, e.g. a current impulse, 

according to Ciucci et al. [55] and Kobayashi et al. [56].  

The voltage response (𝑣(𝑡)) is a result of the input current (𝑖(𝑡)) which can be 

related by a transfer function (𝑧(𝑡)) as follows 

 𝑣(𝑡) = (𝑧 ∗ 𝑖)(𝑡) (10) 

with the right-side term defining the convolution function 
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(𝑧 ∗ 𝑖)(𝑡) = න 𝑧(𝑡ᇱ)𝑖(𝑡 − 𝑡ᇱ)𝑑𝑡′

ஶ

ିஶ

 
(10) 

Since 𝑧(𝑡) describes a relaxation response (as mentioned above), the function can 

be expressed as the sum of a series of relaxations processes with characteristic time 

constants 𝜏ଵ < 𝜏ଶ < ⋯ < 𝜏ே 

 
𝑧(𝑡) = 𝑟଴𝛿(𝑡) + ෍

𝑟௡

𝜏௡
𝐻(𝑡)𝑒ି௧/ఛ೙

ே

௡ୀଵ

 
(11) 

with 𝑟௡ ≥ 0  related to the relaxation amplitude and 𝐻(𝑡)  indicating the Heaviside 

step function (which can be defined as the integral of the Dirac delta function 𝐻(𝑡) ∶=

∫ 𝛿(𝑠)𝑑𝑠
௧

ିஶ
). On the right side of equation 11, the first term (𝑟଴𝛿(𝑡)) is a purely resistive 

quantity, corresponding to a characteristic time 𝜏଴ → 0 . The sum collects the 

contributions of all respective polarization portions. 

An example for the illustration of the method and equation 11 is shown in Fig. 5. 

Assuming that 𝑟௡ has a normal distribution with a mean of 10 and a standard deviation 

of 100 (arbitrary units), i.e. 𝑟௡ = 𝒩(10, 100ଶ). The transfer function 𝑧(𝑡) according 

to equation 11 has then values as presented in Fig. 5. 
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The impedance of the system in frequency domain can be obtained by Fourier 

transformation of equation 11, taking ∫ 𝛿(𝑠)𝑑𝑠 = 1
ஶ

ିஶ
 into consideration: 

 
𝑍஽ோ்(𝑓) = න 𝑧(𝑡)𝑒ି௜ଶగ௙ 𝑑𝑡

ஶ

ିஶ

= න 𝑟଴𝛿(𝑡)𝑒ି௜ଶగ௙௧𝑑𝑡

ஶ

ିஶ

 

+ ෍
𝑟௡

𝜏௡
න 𝐻(𝑡)𝑒

ି
௧

ఛ೙𝑒ି௜ଶగ௙ 𝑑𝑡

ஶ

ିஶ

ே

௡ୀଵ

= 𝑟଴ + ෍
𝑟௡

1 + 𝑖2𝜋𝑓𝜏௡

ே

௡ୀଵ

 

(12) 

The respective impedance in the frequency domain for Fig. 5 can be reconstructed 

 

Fig. 5. A normal distribution function (a) and the respective transfer function 

𝑧(𝑡) (b). The unit for relaxation time and time for 𝑧(𝑡) is second. 
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according to equation 12 and as shown in Fig. 6.  

Equation 12 is a discrete form that can be approximated with some transformations 

to be consistent with equation 8: (1) set 𝑟௡ = 𝑔௡∆𝜏  to be an infinitesimal quantity, 

where 𝑔௡ is the distribution function of relaxation times, (2) extend N to be infinite, 

(3) allow 𝜏௡ to span the entire real line, (4) make 𝑟଴ = 𝑅௢௛௠ , then: 

𝑍஽ோ்(𝑓) =  𝑅௢௛௠௜௖ + ෍
𝑔௡∆𝜏

1 + 𝑖2𝜋𝑓𝜏௡

ே

௡ୀଵ

≈ 𝑅௢௛௠௜௖ + න
𝑔(𝜏)

1 + 𝑖2𝜋𝑓𝜏
𝑑𝜏

ஶ

଴

 
(13) 

Polarization portions of equation 12 and 13, i.e. the summation and integration, 

can also be graphically interpreted by a serial connection of RC-elements [2, 57], for 

each RC-element with a characteristic time 𝜏௡ = 𝑅௡𝐶௡.  

Since the frequencies of impedance measurements are conventionally sampled 

 

Fig. 6. The impedance calculated from equation 12 based on 𝑟௡  in the 

Fig. 5. 
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logarithmically, equation 13 is rewritten as follows: 

 
𝑍஽ோ்(𝑓) = 𝑅ஶ + න

𝐺(𝜏)

1 + 𝑖2𝜋𝑓𝜏
𝑑𝑙𝑛𝜏

ஶ

଴

 
(15) 

substituting the original variables: 

 𝜏 = 𝑒௟௡ఛ, 𝑑𝜏 = 𝑒௟௡ఛ𝑑𝑙𝑛𝜏 = 𝜏𝑑𝑙𝑛𝜏 (16) 

and accordingly, 𝐺(𝜏) = 𝜏𝑔(𝜏).  

The deconvolution of G(𝜏) from equation 15 is a well-known ill-posed problem, 

meaning there are more than one solution for the equation. In this regard, various 

methods have been developed to solve the equation, including maximum entropy [57], 

Monte Carlo technique [58], Fourier transform [2], genetic programming [59], and 

Tikhonov Regularization, i.e. Ridge regression [60].  

Ciucci pointed out that Tikhonov Regularization is particular appealing since it can 

be recast as a constrained quadratic programming problem, which has a unique solution. 

The method can further be extended for a multidimensional and Bayesian impedance 

data analysis [61]. The core of the Tikhonov Regularization method is to express 𝑟௡ in 

equation 12 as a weighted radial basis function (RBF), i.e. 𝑟௡ = 𝜅௡Ψ௡(𝜏), with 𝜅௡ the 

weight and Ψ௡(𝜏)  the correlated RBF. RBFs can have very different shapes or 

descriptions, respectively, e.g. they could be piece-wise linear (PWL) approximations, 

Gaussian functions or a step function [62, 63].  

With the assistance of this deconvolution methods, the DRT approach has been 

applied for different electrochemical systems and biological tissues. Schichlein et al. in 
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the group of Prof. Ivers-Tiffée developed the Fourier transform-based DRT method and 

used the DRT for the identification of the reaction mechanisms of solid oxide fuel cells 

(SOFEs) [2]. Later on, an attempt to correlate peaks of distribution functions with 

physicochemical processes was also performed by a comparison of a physical model. 

Afterwards, other members in her group, Sonn and Leonide presented a strategy to 

combine the DRT method and CNLS fit to improve the interpretation of the 

electrochemical processes in Ni/8YSZ (yttria-stabilized zirconia) cermet anodes [64]. 

Different electrochemical processes were distinguished by the DRT and then the results 

were used to aid establishing an equivalent circuit model. Schmidt et al. extended the 

application of the DRT to investigate lithium iron phosphate (LiFePO4) batteries [65-

67]. The approach particularly included an elimination of the capacitive diffusion 

branch at low frequency before conducting the DRT. The branch results from the solid-

state diffusion in the intercalation electrode and intercalation capacity, which cannot be 

modeled into The DRT since the DRT does not include a pure capacitive behavior. More 

recently, Seo et al. included the DRT to enhance the quantitative evaluation of the 

impact of (Pr,Ce)O2-δ (PCO) overcoats on the activity and stability of Pt thin-film O2-

electrodes of SOFCs with different temperatures [68]. 

Recently, Ramírez-Chavarría et al. measured the impedance spectra of different ex 

vivo rat organ tissues and individual tissues were discriminated by the deconvoluted 

DRTs from the respective impedance spectra [69]. However, no discussion on the 

correlation between distribution functions and physical or biological counterparts of 

tissues have been given.  

The application of the DRT on biological cells requires a careful processing of 

electrode polarization, which is an inevitable phenomenon in two-electrode 

measurements and has a significant influence on the evaluation of the DRT. However, 
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in comparison with Cole models and PCA, a finer resolution of polarization processes 

can be derived from the DRT especially for tissues or cell monolayers, with complex 

tissue structure and several components contributing to polarization processes and, 

hence, being superimposed in the distribution of relaxation times (c.f. article on. 3). 

1.6 General Conclusion 

In the present thesis, the response of cell monolayers to nsPEFs was investigated 

by interpreting impedance spectra, obtained for cell monolayers, by different methods, 

including equivalent circuit models, multivariate analysis and the distribution of 

relaxation times. Besides the discrimination of untreated cells, did the individual 

approaches clearly reveal pulse number dependent responses for the application of 

nsPEFs. The respective analyses show different advantages and sensitivities with 

respect to cell characteristics and related dispersion mechanisms. 

In Paper 1 in situ impedance spectra of a rat liver epithelial cell line, i.e. WB-F344, 

before and after 8, 20 and 60 exposures, applied at 1 Hz, to nsPEFs of 100 ns duration 

and an average field strength of 20 kV/cm were measured and analyzed by a Cole model. 

Three pathways for the flow of low frequency electrical currents through a cell 

monolayer could be discriminated that are reflected by significant changes of a Cole 

parameter (R0) i.e. the resistance at very low frequency: 

1. Changes to current flow, after exposure to nsPEFs, along the paracellular 

pathway mainly resulted from the disruption of cell-cell cohesion, in particular 

tight junctions, resulting in a decrease of R0; 

2. Changes to current flow, after exposure to nsPEFs, along the transcellular 

pathway were due to electroporation that was observed immediately after 
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exposure and was also associated with a decrease of R0; 

3. Changes to current flow, after exposure to intense nsPEFs (60 pulses), along the 

trans-monolayer pathway arises from dead cells corresponding to a fast decrease 

of R0 and a relative long recovery from small resistance values. 

In addition to the changes of the monolayer integrity reflected by R0, also other 

Cole-parameters, i.e. dispersion width 𝛼 and time constant 𝜏, respectively, could be 

related to changes of the morphology of the extracellular space and cell membrane 

permeabilization in general. 

In Paper 2, impedance spectra of four cell lines, i.e. WB-F344, WB-ras, HaCat and 

Sk-Mel-28, were investigated before and after exposure to 8, 16 and 24 pulses of 

nsPEFs by means of the Cole model and PCA. PCA is a non-parametric representation 

evading disadvantages of the Cole model, e.g. inevitable fitting errors and the 

requirement of the prior knowledge of the system. 

1. Both Cole parameters and PCA showed significant differences between 

different cell lines either before exposures or in the temporal evolution after 

exposures; 

2. PCA loading plots of phase spectra indicated that nsPEF-effects for normal cell 

monolayers were rather reflected by the response at lower frequencies in 

comparison to cancer cell monolayers; 

3. The study suggested that the discrimination of cell monolayers is determined by 

the extracellular resistance. This emphasizes the vital roles of cell-cell 

connections and extracellular matrix and the respective difference between 

normal and cancer cells for the response to nsPEFs. 
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In Paper 3, a universal and sensitive deconvolution of impedance spectra was 

developed for identifying relaxation processes without the need for a priori assumptions 

as it is required for example for the description by equivalent electrical circuit models. 

Moreover, a multi-peak analysis using a series of Gaussian functions was utilized to 

quantify individual polarization processes. The approach revealed three polarization 

processes and provided a high resolution of the differentiation of polarization process 

and straightforward biophysical meaning comparing to the Cole model and PCA.  

1. Low frequency relaxation processes at about 10 kHz was distinguished and may 

be associated with a response of the extracellular matrix; 

2. Moderate frequency relaxation processes at about 100 kHz dominated changes 

of the distribution function for each cell monolayer after exposures and were 

associated with the interfacial polarization of the cell membrane; 

3. A small high frequency relaxation processes at around 3 MHz presumably could 

be associated with the interfacial polarization of organelle membranes. 

1.7 Prospective research directions 

In this thesis, the analysis of impedance spectra has increased knowledge and 

understanding of nsPEF-effects on cells, in particular exposing the crucial roles of cell-

cell connections and of extracellular matrix for cell assemblies, i.e. cell monolayers and 

tissues. Expanded studies and continued improvements of methods and systems can be 

expected to further enhance the understanding: 

(i) Time scales for different dynamics of nsPEF-effects span several orders of 

magnitude. A high temporal resolution of impedance measurements up to 

millisecond-scale is important to distinguish dynamics, e.g. pathways of 
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electrical currents. To achieve this goal, a fast scanning impedance analyzer 

and a fast switch for the exchange between the electrical exposure and 

impedance measurements are required; 

(ii) Impedance datasets for nsPEF treatments on a specific tumor cell line or 

tissue type can be examined by machine learning to improve the 

discrimination and eventually develop a clinical diagnosis; 

(iii) The DRT method can guide to establish a robust explanatory model that is 

taking into account physical processes. The model can, hence, be improved 

and validated by uncertainty quantification. Eventually this approach in 

particular also holds the potential for a sensitive analysis of other methods 

of electrical stimulation as well; 

(iv) To understand nsPEF-effects and develop IS and nsPEFs as a diagnosis and 

therapeutic system, more cell lines or tissue types as well as more exposure 

parameters and eventually in vivo experiments are necessary for the 

establishment of quantitative relationship between IS measurements and 

nsPEF-effects. 
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