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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 fiir 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 Verdnderungen und diesen zugrunde liegenden
physikalischen Prozessen hinsichtlich der Eigenschaften von Zell-Zell-Verbindungen
und der extrazelluldren Matrix zu untersuchen. Dazu wurden verschiedene Verfahren
zur Reduktion und Visualisierung von Impedanzdaten fiir Zellmonoschichten auf der
Basis komplexer nichtlinearer kleinster Fehlerquadrate, multivariater Analysen oder
einer Entfaltungsmethode entwickelt. Diese Ansitze bereiten den Weg fiir eine sensitive
und Quantifizierung von Effekten elektrischen Stimulation auf unterschiedliche
Zelllinien. Die Untersuchung ermutigen die Weiterentwicklung hin zu einer klinischen
Tumordiagnostik, speziell fiir Behandlungen mit nsPEFs, aber generell auch anderen

Methoden der Elektrostimulation.
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Chapter 1 Summary



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 ef al. to describe the increase

of permeability of the outer cell membrane after exposure to intense electric fields [21].



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



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



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.



Transcellular current| Paracellular current
Electrode

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.

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



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

7



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; (i1) 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



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



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¢;;(w; P), describing the impedance of the system as a function of both
angular frequency (w), and a set of model parameters (P), waiting to be determined by

minimizing the object function:

k 2 2
Zoxpy — Ztip(wy; P Zovy — Zsi(wy; P
S — {l exp flt( i )l +l exp fit \ i )l } (1)
=1

Zexp Zexp

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 r.)
hovering in a distance, dee;, 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 (Z,) and cell layer (Z.)
as well as the resistance of the paracellular space (Rp). The model is based on several
assumptions. The resistance of the cytoplasm (R.) and the membrane (R,) was
neglected, considering to very small values for R, and very large values for R, for
most cell types [43]. Accordingly, Z,, is dominated by the membrane capacitance (Cy),
of cells, described by Z,, = 2/(iwC,,). Eventually, the impedance for a cell-covered

electrode can be expressed:

Z_m _1
Zn 2)
+ Ry (e + )

2 11(}/7"6) P Zn Zm

7=(Z, +Z.)| 1+-
(Zn+ Zm) iyr. Iy (yr)

with

a |1 1

Y=

o 3
e dZn 7 G)

a=r- P @)
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where [, and I; 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,,.4). This changes the equation as follows:

Zm -1
ZcpE
Z=Zpr+7Z 1+ - +R %)
( CPE m) %IO(V‘FC) +R ( 1 +L) med
2 Li(yr) P epe  Zm
with
a 1 1
y=— +— (6)

Te\ZcrE  Zm

and the impedance of the electrode/electrolyte interface described by

1

Zcpg = m (7)

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

when 1 = 1.
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Fig 2 A disk-shaped cell model with radius 7. 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.

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 (/) was derived by individually calculating
the currents for the flow through the rectangular shape (/..) and through the disk (Zsis«)
by I = ILect+lis. 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

13



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 (Zneq), of the cells (Zc..) and for the electrode polarization (Zep)
without restrictions on cell shape and size [47]. Both Z..s and Zc.s comprised a circuit
element of a resistor and a capacitor connected in parallel. The RC circuit for Zeq
resembled the cell-cell separation and Zgp depended on the cell-substrate distance. The

model is shown in Fig. 3.

14



A | Z

cell
C Rcej C¢:.c'.II

Fig. 3 The equivalent circuit model proposed by
Goda et al..

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

15



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.

Rmed

Rpara

Fig. 4 A simplified and general
equivalent circuit model for an adherent cell

layer on ECIS electrodes.

Garcia-Sanchez 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 (Ry) representing

resistance at very low frequencies showed two different developments after the

16



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 xn matrix
X with m dimension determined by the number of samples and » 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

17



fewer common characteristics, which are well distinguished from each other.

First, the matrix X 1is 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 B can then be

X-X
var(X)

calculated according to B = resulting in a vanishing mean (zero) and

normalized variance (one) for each column.

. . = . . = _BTB
In the next step, the covariance matrix for B is calculated, i.e. C = —-

Afterwards, eigenvector V and eigenvalues D are derived through V1BV =D.
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 (Zpr7(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 ()(7)) describing the distribution of relaxation times (7) [54].

Zowe (1) = Ronmic + Root | 1=l ®)
0
with
[ =1 ©)

0

where Roumic 1s the ohmic part of the impedance (frequency-independent) and, Rpo:

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* (1) (10)

with the right-side term defining the convolution function

20



[oe)

(zxi)(t) = f z(ti(t — t")dt'

—00

(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 71 < 7, < -+ < Ty

N
2(t) = 1o8(6) + Z :—nH(t)e‘t/Tn "
n=1 n

with 7, > 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) :=
f_too 6(s)ds). On the right side of equation 11, the first term (1,6 (t)) is a purely resistive

quantity, corresponding to a characteristic time 7y — 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 7, has a normal distribution with a mean of 10 and a standard deviation

of 100 (arbitrary units), i.e. 1, = N (10,100?). The transfer function z(t) according

to equation 11 has then values as presented in Fig. 5.
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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.

The impedance of the system in frequency domain can be obtained by Fourier

transformation of equation 11, taking fjooo 6(s)ds = 1 into consideration:

Zprr(f) = jz(t)e‘iznf dt = fro(g(t)e—isztdt
(12)
N , N i
+ i H(t)e Tne i27f gt = + z n
Z n f (e e o 1+i2nft,
n=l - —o n=1

The respective impedance in the frequency domain for Fig. 5 can be reconstructed
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according to equation 12 and as shown in Fig. 6.
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Fig. 6. The impedance calculated from equation 12 based on 7;, in the

Fig. 5.

Equation 12 is a discrete form that can be approximated with some transformations
to be consistent with equation 8: (1) set 1, = g,At to be an infinitesimal quantity,
where g, is the distribution function of relaxation times, (2) extend N to be infinite,

(3) allow 7, to span the entire real line, (4) make 1y = R,pm , then:

[oe)

N
gnlAT f Q)
Z = Rypmie + Y — ~ Ryt | ———d
prr (f) ohmic — 1+ i2nft, ohmic 1+i2nft t (13)

n 0

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 7, = R,,C,,.

Since the frequencies of impedance measurements are conventionally sampled
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logarithmically, equation 13 is rewritten as follows:

Zorr(f) = Ry + jo—G(T) dl
DRT = Roo - nt
1+i2
J T[fT (15)
substituting the original variables:
7 =e"™, dr = e dint = tdint (16)

and accordingly, G(t) = tg(7).

The deconvolution of G(7) 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 7, in
equation 12 as a weighted radial basis function (RBF), i.e. 1, = k,'V,,(7), with k,, the
weight and W, (7) 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 ef 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.; (PCO) overcoats on the activity and stability of Pt thin-film O»-

electrodes of SOFCs with different temperatures [68].

Recently, Ramirez-Chavarria 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 (Ry) 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 Ry;

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

pathway were due to electroporation that was observed immediately after

26



exposure and was also associated with a decrease of Ry;

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 Ry and a relative long recovery from small resistance values.

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

Cole-parameters, i.e. dispersion width « and time constant 7, 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

€Xposurcs;

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;

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. Asmall 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:

(1) 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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(ii)

(iii)

(iv)

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;

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;

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;

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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Bioimpedance Analysis

of Epithelial Monolayers

After Exposure to Nanosecond Pulsed
Electric Fields

Fukun Shi
and Juergen F. Kolb

Abstract—Exposures to pulsed electric fields (PEFs) are
known to affect cell membranes and consequently also
cell-cell interactions as well as associated characteris-
tics. Bioimpedance analysis offers direct and non-invasive
insights into structural and functional changes of cell
membranes and extracellular matrices through a rigorous
evaluation of electrical parameters. Accordingly, the multi-
frequency impedance of confluent monolayers of rat liver
epithelial WB-F344 cells was monitored in situbefore and af-
ter exposure to nanosecond PEFs. The results were fitted by
two Cole models in series to obtain the Cole parameters for
the monolayer. For an interpretation of the results, dielectric
parameters were correlated with changes of the TJ-protein
zonula occludens (Z0-1) and the paracellular permeability
of the monolayer. Cole parameters, in general, change as
a function of pulse number and time. The findings demon-
strate that impedance analysis is an effective method to
monitor changes in cell-cell contacts and paracellular per-
meability and relate them to exposure parameters.

Index Terms—Nanosecond pulsed electric fields, electro-
poration, bioimpedance, Cole model, tight junctions, para-

cellular permeability.

HE last decades have witnessed growing interest in us-
T ing intense pulsed electric fields (PEFs) for biological
and medical applications. PEF-exposures are considered intense
when exposure parameters are sufficient to result in instant and
nonlinear changes, in particular for cell membranes. Classical
membrane permeabilization results from pulsed electric fields
with durations of milliseconds to microseconds [1]-[3]. Accord-
ingly, reversible electroporation is used in electrochemotherapy
[4]-[9] and irreversible electroporation for straightforward tu-
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mor ablation [10]-[13]. More recently, PEFs of extreme field
strength and ultrashort, nanosecond duration have been shown
to manipulate intracellular functions [14], [15]. In particular,
nanosecond pulsed electric field (nsPEF) exposures can induce
apoptosis and are therefore being investigated as a novel tumor
treatment method [16], [17].

In order to understand nsPEFs as a valid clinical therapy, in-
teractions between nsPEFs and cells or tissues in general and
with specific cell components in particular are crucial. The in-
vestigations of effects of nsPEFs on cell structures, such as
cytoskeleton, membranes, and cell functions have so far mainly
focused on studies for single cells [18]-[22], which were im-
mersed in an electrolyte. However, cells in most in vivo condi-
tions are surrounded by other cells that interact with each other
and with a complex extracellular matrix. This situation is very
different from cells suspended in the medium. Consequently,
PEF-effects on connected cells, and in particular on associated
membrane structures and components, can be expected to differ
and involve mechanisms that cannot be observed for single cells.
An overall tissue response might be significantly determined by
these processes. Recent results from simulations furthermore
suggest that the frequency dependence of the electric field (EF)
penetration and cell responses were not the same for adherent
cells in comparison with suspended cells [23].

The therapeutic potential of nsPEFs was demonstrated repeat-
edly on solid tumors in vivo [24], [25]. In this case, however,
does the complex structure and nature of the tissue not readily
permit to differentiate and investigate specific effects on cell
membranes and cellular components. This appears to be a ques-
tion for the study of an intermediate system, i.e., for exposures of
cells that are grown in a monolayer. Since not all cell types form
connections in confluent monolayers, model and cell lines have
to be chosen carefully. Steuer et al. have reported an appropri-
ate model of rat liver epithelial cell monolayers with WB-F344
cells, which was used to evaluate the transient inhibition of gap
junctional intercellular communication (GIJC) after exposure to
sub-lethal nsPEF-exposures [26]. GIJC is important for the reg-
ulation of cell proliferation and the formation of tissues. Another
important connection between cells is provided by tight junc-
tions (TJs) with vital roles in multicellular integrity, cell surface
polarity, and separation of different compartments in tissues.
TIJs in epithelial and endothelial cells are mainly responsible for
the formation and maintenance of a semipermeable diffusion

0018-9294 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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barrier between cells [27]. Moreover, TJs were also proposed
to be a frontline that cancer needs to overcome in metastasis
[28]-[30]. Accordingly, the study of PEF-effects on cell-cell
interactions is crucial for a better understanding of exposures
and therapies.

The integrity of an epithelial monolayer can be determined
by several approaches, including immunocytochemistry of tight
junction proteins, microscopy of cell morphology and paracellu-
lar flux of fluorescent tracers [31]. These methods are generally
time-consuming, label-based and irreversible. Alternative meth-
ods for the evaluation of the integrity of monolayers without
these constraints are electrical measurements [32], [33]. Mea-
surements of the trans-epithelial electrical resistance (TEER)
evaluate the ohmic resistance of the cell layer that is measured
by direct current (DC) or alternating current (AC) at a very low
frequency [34]. However, the method has the drawbacks that
results strongly depend on electrode configurations. Further-
more, cell-substrate interactions cannot be monitored and the
methods in general have rather poor sensitivities with respect
to changes of cell and monolayer morphologies. Limited to a
resistance-analysis at very low frequencies only, information
on cell constituents, which is contained in particular in higher
frequency responses, is not available [35].

Electrical cell-substrate impedance sensing (ECIS) is another
non-invasive, label-free, real-time electrical method for mon-
itoring barrier functions, which was first reported by Tirup-
pathi et al. [36]. They have investigated the barrier function
change of bovine pulmonary endothelial cells when exposed
to a-thrombin. This and other methods that are exploiting
impedance changes are based on evaluating different current
pathways through the monolayer for different frequencies. High
frequency AC stimuli are passing through the capacitive cell
membranes and the associated measured impedance mainly re-
flects intracellular events. In contrast are low frequency currents
bypassing cells and spreading through paracellular pathways
which are dominated by tight junctions. Few studies so far have
used impedance analysis for the investigation of PEF-effects on
tissues. A study of PEF-effects on potatoes based on a Cole
model confirmed that both the resistive part and the capacitive
part of the model need to be taken into account to characterize
permeabilization of tissue [37].

In this work, we explored changes of cell-to-cell interactions
caused by nsPEFs by in situ bioimpedance measurements. The
impedance was recorded before and after exposures to 8, 20
and 60 rectangular voltage pulses of 100 ns duration and about
20 kV/cm. Exposures to 8 and 20 pulses were considered mild
and moderate, respectively. In contrast, the application of 60
pulses was regarded as intense exposure, which induced a con-
siderable reduction in cell viability.

The results of impedance measurements were fitted into two
Cole models in series, which allowed separation of electrode po-
larization and tissue response [38]. A Cole model is generally
described by four independent parameters which can be related
to different cell-cell interconnections and components [37], [39],
[40]. In short: the resistance at very high frequency, R, repre-
sents medium and intracellular resistance, the resistance at very
low frequency, Ry, is correlated with the paracellular resistance,
the characteristic relaxation time constant, 7, is related to mem-

brane capacitance, and the ‘dispersion width’, e, describes the
morphology of the extracellular spaces.

The bioimpedance analysis hence provides real-time moni-
toring of ongoing changes of the monolayer and cell membrane
morphologies. Accordingly, development of the bioimpedance
method and analysis might eventually afford a detailed diagnos-
tic tool for the direct evaluation of PEF-treatments that is capable
of predicting biological responses and therapeutic success.

Il. METHODOLOGY
A. Cell Culture

The WB-F344 cell line was derived from a normal adult
male Fischer 344 rat liver by J.W. Grisham and colleagues [41].
The WB-F344 culture was obtained from Prof. J. E. Trosko,
Michigan State University, East Lansing, MI, USA. Cells were
cultured in DMEM with 4.5 g/L glucose supplemented with
2 mM L-glutamine, 5% fetal calf serum (FCS) and 1% peni-
cillin/streptomycin (all purchased from PAN-Biotech GmbH,
Aidenbach, Germany). The osmolality of the medium was
325 mOsmol/kg (OSMOMAT 3000, Gonotec GmbH, Berlin,
Germany). For the experiments, cells were seeded in ECIS-
8W20idf plates (Applied Biophysics, Inc., Troy, NY, USA),
which were pretreated with 10 mM L-cysteine 15 min before
seeding to improve cell attachment [35]. Each well was filled
with 300 pl cell culture medium and a cell seeding density of
5 x 10* cells, resulting in a confluent monolayer after 48 h of in-
cubation. This was confirmed by a stable impedance observed at
20 kHz after 2 days of incubation, according to established pro-
cedures [42]. PEF-exposure was conducted after an additional
24 h of incubation when a stable tight junction performance
was confirmed by impedance measurement. Each well of the
8W20idf plate included an interdigitated electrode array with a
total electrode area of 3.985 mm?. A relatively high number of
cells (4,000-8,000) was found to smooth impedance fluctuations
due to the possible micromotion of cells.

B. Pulsed Electric Field Exposures

ECIS-8W20idf electrode arrays were connected to an in-
house built Blumlein transmission line square-wave pulse gen-
erator, delivering 100-ns rectangular voltage pulses across
electrodes next to each other, as depicted in Fig. 1. A detailed de-
scription of the nsPEF-generator can be found elsewhere [26].
To monitor the applied electric pulses, a high voltage probe
(P5100A, Tektronix, Beaverton, OR, USA) was connected to a
fast oscilloscope (TDS3054, Tektronix, Beaverton, OR, USA).
A number of 8, 20, and 60 consecutive 100-ns pulses, with a
voltage of 330 V and a repetition rate of 1 Hz, was applied to
the monolayer in full medium. For other experiments, 32 pulses
with 165 V and 2 pulses with 660 V were applied, hence with
the same energy as 8 pulses of 330 V. The energy was derived
from the electrical energy density, AE = No E*T, where N is
the pulse number, o is the conductivity of the electrolyte, T
the pulse duration and E is the electric field strength [43]. All
experiments were conducted 15 min after taking the plates out
of the incubator and allowing the samples to cool down to room
temperature.
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Fig. 1. Setup for nsPEF-application and impedance measurement.
ECIS 8W20idf arrays were connected with a Blumlein line pulse genera-
tor for nsPEFs-exposure and subsequently with the impedance analyzer.

C. Impedance Measurements

Impedance measurements were performed with an Agilent
4294A impedance analyzer (Agilent Technologies Japan Ltd.,
Murotani, Kobeshinishiku, Japan) and with the same ECIS-
chip used for stimulation before and after nsPEFs-exposure.
The measurement started 1 min after exposure. Compared to
conventional ECIS, the interdigitated electrode (IDE) offers the
advantage that a large number of cells can be investigated and
impedance fluctuations due to random cell movements are re-
duced [44]-[46]. The individual components of the experimen-
tal setup are shown in Fig. 1. The impedance analyzer, Agilent
4294A, was calibrated together with the test fixtures, Agilent
16047E, for open and short compensation according to operat-
ing instructions. As described by Rahman ez al., the amplitude
of the AC voltage signal was 10 mV peak-to-peak to fulfill the
linearity criteria of impedance spectroscopy [47]. The scanning
frequency for the impedance measurement runs from 100 Hz to
10 MHz. However, to avoid the possible impact of parasitic ca-
pacities and inductivities in the high frequency range, data were
only evaluated for a frequency range of 100 Hz to 500 kHz. Due
to its resistive characteristic, the paracellular pathway domi-
nates the ion transport that is underlying low frequency cur-
rents, while cell membranes exhibit a capacitance which allows
high frequency currents to pass. Accordingly, ECIS offers the
possibility to monitor barrier function and cell attachment.

D. Two-Cole System for Dielectric Characterization

The impedance data were fitted into a two-Cole system. The
Cole equation is a common model to describe the dispersion
of biological systems [48]. Two Cole elements in series, as
shown in equation 1 and Fig. 2(a), were chosen to separate
dispersions derived from electrode polarization (EP) and from
adherent cells. The overall impedance of the system (monolayer
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Fig. 2. Equivalent circuit model for the dielectric characterization of
monolayers. Two Cole systems in series represent the two dispersions
corresponding to electrode polarization (EP) and contributions from cells
(a). Complex plane of admittance of cell-free and cell-covered electrodes
before exposure (b). Simulation of the electric field strength 5 um above
the electrode surface (i.e., through the plane of the indicated cells in the
monolayer) for an applied voltage of 330 V (c).

and electrode effects) can be described according to [49]:
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where Z is the total impedance at frequency w. Terms including
a subscript ‘ep’ describe contributions from electrode polar-
ization. Electrode polarization was characterized and validated
from impedance measurements with medium only, i.e., without
cells. The stability of parameters that are associated with elec-
trode polarization, including Ry, , ¢ep,, and 7, was confirmed
by measurements conducted for up to two days. The second
bracket describes contributions from adherent cells. R, is the
resistance at very low frequency, R, is the resistance at infi-
nite frequency, 7 is the characteristic time constant and o is a
dimensionless dispersion factor with values between 0 and 1.
The term (iw7)® is known as a constant phase element, Z,,.
Since R, is rather small in comparison to R, it can actually
be neglected [38], [50] and the impedance, including electrode
polarization and contribution from cells, can be expressed by:

Roep
1+ (iwrep) ™

Ry — Ry
14 (iwr)®

Z=R.+ 2)

The fitting of all parameters, by comparing measured and cal-
culated impedance values, was conducted by non-linear least-
squares regression analysis in MATLAB (MathWorks, Natick,
MA, USA). Cole parameters were estimated with MATLAB’s
function Isgnonlin using the trust-region-reflective algorithm.
Parameters were determined with the narrowest 95% confidence
interval. A stochastic approach, e.g., as suggested by Merla and
co-workers, would offer the advantage to evaluate potential cor-
relations between parameters [51], [52]. This would be in par-
ticular interesting for different exposure parameters, e.g., pulse
number and amplitudes. Conversely, the Cole parameters R,
a, and 7 are considered independent from each other [49], [53],
[54]. Measurements and respective derivations of Cole parame-
ters were repeated at least three times and are presented as mean
values with standard deviations (error bars). Since electrode po-
larization is reflected by capacitive characteristics, the resistance
at very low frequency should be rather large and the relaxation
time for EP is several orders of magnitude higher than that for
cells. This fact served as a guideline to separate contributions
from EP and cells. The resistance of the monolayer at infinite
frequency, R, includes contributions from extra-cellular and
intra-cellular medium, which do not change significantly un-
der electrical stimulations. On the other hand, the resistance at
very low frequency, R, represents in particular changes of the
resistance of the extracellular matrix in the monolayer.

The admittance of the confluent monolayer is described in a
Wessel diagram (Fig. 2(b)). Two semi-arcs are typical for a con-
fluent monolayer, indicating two relaxation processes within the
frequency range of the measurements. The left arc derives from
electrode polarization while the other arc represents the cell-
covered surface. Without cells, the admittance is determined by
the medium and electrode polarization. The goodness of the fit
between measurements and the numerical model was calculated
by the function goodnessOfFit with the cost function of normal-
ized root mean square error in MATLAB, showing coefficients
of determination (R?) larger than 0.98 for all estimations, some
were even higher than 0.99 as indicated in Fig. 2(b). The fitting
curve agrees well with the experimental data confirming that

this is a suitable method to derive Cole parameters and compare
respective effects for different external stimuli.

The electric field between conductive strips of the ECIS-chip
is not homogeneous and the field strength in the gaps is rather
low. The electric field distribution for electrodes covered with
medium only, i.e., without cells, was evaluated based on a fi-
nite element method (Comsol Multiphysics® 5.3, Burlington,
MA, USA) confirming that the electric field approaches its peak
value along the edge of the electrode. The simulation was con-
ducted in the electric current (ec) module of the AC/DC physics
package. The electrical conductivity of the gold electrode was
set to be 4.4 x 107 S/m, for the medium to be 1.7 S/m [55]
and for polyethylene terephthalate (PET, the material of the
ECIS substrate) to be 1 x 107'2 S/m [56]. With 9-15 pm are
individual cells much smaller than the gap distance of 350 pm
[57]. However, cells close to the edge of the electrodes are
exposed to high electric fields, exceeding 10 kV/cm up to a
distance of 100 pm, i.e., 6-11 pm cell diameters, and cells on
the edge experience more than 20 kV/cm for an applied voltage
of 330 V. Intense exposure along the edges of the electrodes
was also verified by observed cell death. The field distribution
for the voltage of 10 mV that is applied during the impedance
analysis, is qualitatively similar. The comparison of impedance
measurements for cell-free electrodes and for monolayers ex-
posed to fatal nsPEFs, which only killed cells along the edges of
the electrodes, confirms for both cases similar areas of interest
(data not shown). A detailed spatially resolved and frequency
dependent modeling of field distributions in the presence of an
actual monolayer would require prior knowledge on dielectric
parameters and their development, which to obtain is one of
the goals of the study. From the simulation, the area of interest
was determined to be about 15 um wide along each side of the
electrode. Fig. 2(c) depicts the electric field strength 5 pm above
the electrode surface (along the dashed red line) for a voltage
of 330 V applied between two electrodes. The height of the
monolayer was assumed to be about 10 pm. The field strength
along the edge of the electrodes peaks at about 25 kV/cm (blue
dashed lines) and the field strength at the boundary of the area
of interest is about 14 kV/cm. Accordingly, the average field
strength in the area of interest was assumed to be on the order
of 20 kV/cm which is also in agreement with observations for
propidium iodide uptake and viability that were compared with
experiments with more homogenous wire electrode exposure
systems [26].

E. Immunofluorescence Staining

Localization of TJs was assessed by immunofluorescence
staining of the tight junction protein zonula occludens, ZO-1,
which connects transmembrane proteins and cytoskeleton [58].
WB-F344 cells were cultured on glass cover slips (#630-1597,
13 mm diameter, VWR, Darmstadt, Germany) until a confluent
monolayer was obtained. In this case, rectangular voltage pulses
of 100 ns were applied between two parallel stainless steel wire
electrodes with a diameter of 1 mm and a gap distance of 0.5 cm
that were pressed onto the monolayer. With an applied voltage
of 10 kV from the Blumlein line, the electric field between the
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wires is about 20 kV/cm except for higher values close to the
wires [26]. Cells were fixed in 4% paraformaldehyde 30 min, 1 h
and 3 h after exposure, and then permeabilized with 0.25% Tri-
ton X-100 in PBS. Subsequently, cells were blocked for 1 h with
3% BSA/PBS and afterward incubated overnight at4°C with the
primary antibody ZO-1 (QA213066, Life Technologies, Darm-
stadt Germany; 1:200 in 1% BSA/PBS). Next day, cells were
incubated for 1 h with a secondary antibody conjugated with
Alexa Fluor 546 (A-11035, Life Technologies; 1:1000). Finally,
nuclei were stained with Hoechst 33342 and fluorescence was
observed under a fluorescence microscope (AxioObserverD1,
Carl Zeiss, Jena, Germany).

F. Permeability Assay

The integrity of the confluent monolayers before and after
exposure to nsPEFs was assessed by a paracellular permeabil-
ity assay according to Ghartey-Tagoe [59]. FITC (Fluorescein
Isothiocyanate Labeled) conjugated with dextran of 70 kDa
(Sigma-Aldrich, Merck, Germany) was chosen as a transporting
marker since it is a membrane-impermeable fluorescence dye.
WB-F344 cells were seeded with a density of 10* cells/cm? onto
12-mm transwell inserts with a 0.4-pm pore polyester mem-
brane (Sigma-Aldrich, Merck, Germany). After two days, the
apical cell culture medium in each insert was replaced by 500 pl
medium supplemented with FITC-dextran (100 pg/ml) while the
cell culture medium in the wells was not exchanged. Afterward,
monolayers at the center of the insert were exposed between two
parallel stainless-steel wire electrodes with a gap distance of 0.6
cm, and a length of 0.5 cm that were pressed onto the monolayer.
The exposure area is thus 0.3 cm?. Rectangular voltage pulses
of 100 ns and 12 kV applied with the Blumlein line resulted in
a fairly homogeneous electric field in the exposed area of about
20 kV/cm. The permeability of each monolayer was monitored
1.5 h prior to exposure until 5 h after exposure by transferring
each insert every 30 min to a well with 700 pl fresh cell cul-
ture medium to maintain sink conditions. 100 pl basal solution
from each well was analyzed for FITC-dextran concentration by
means of a plate reader (Tecan F200, Mannedorf, Switzerland;
emission: 485 nm, excitation: 535 nm).

The apparent permeability, P,;, (cm/s), was calculated by
equation (3) based on Fick’s first law [60].

dc 1

P = 4" a6,

(©)]

where dC/dt is the rate at which the marker appears in the re-
ceiver solution (mol/s), C is the initial concentration of the api-
cal solution (mol/ml), and A is the exposure area, which equals
0.3 cm?. The derivative dC/dt is determined from the slope of
the cumulative number of moles of FITC-dextran in the samples
collected versus time. The paracellular permeability assay was
conducted in triplicate for every set of exposure parameters and
results are presented as mean values with standard deviations.
All impedance measurements for each exposure condition
were replicated three times. The statistical significance (p-value)

was evaluated by the paired-sample r-test in MATLAB (Math-
Works, Natick, MA, USA).

lll. RESULTS
A. Bioimpedance Analysis

The temporal development of the Cole parameters for the
investigated confluent monolayers exhibited different responses
for a different number of pulses that were applied for otherwise
similar exposure parameters. Fig. 3(a), 3(b) and 3(c) display the
changes of R, ¢, and T after exposures to electrical pulses of
330 V, respectively. Results were normalized to initial values
before exposures. The values for the controls were not changing
for the time of observation, except for a small decrease of R
after 30 min. Ry, «, and 7 were especially dependent on the
number of applied pulses.

Results for the resistance R, suggested a short-lived slight
increase within about 1 min after exposure to 8 and 20 pulses
(inset Fig. 3(a)). This short-lived increase was confirmed in ev-
ery replication of the experiment although with no statistical
significance (p > 0.05) for the averages. For later observation
times, a fast drop of R, was recorded for all treatment condi-
tions. The resistance was half that of the initial value within 1 h
for cells treated with 60 pulses. For cells exposed to 20 pulses,
R, decreased only by about 40%. For 20 and 60 pulses, the
resistance of the monolayer started to recover 1 h after exposure
and it took about 3 h for treatments with 20 pulses and about
7 h for cells treated with 60 pulses to approach values similar
to unexposed monolayers again. The resistance Ry of cells that
were exposed to 8 pulses only dropped by about 20% before
cells started to recover already within 30 min after exposure.

The dependency on pulse number was even more pronounced
for the dispersion width « (Fig. 3(b)). Cells treated with 60
pulses reached a minimum value of about 70% of the initial
value and started to recover 3 h after exposure. The minimum
value of « for cells exposed to 20 pulses fell to about 76%;
for cells treated with 8 pulses values dropped to about 89%.
Recovery processes started within 1 h and 30 min, respectively.
In contrast, the characteristic time constant 7 increased after
pulse exposure and maximum values for all pulse conditions
were reached within 1 h for mild and moderate exposures, and
within 3 h for intense exposures (Fig. 3(c)). The by far most
pronounced effect was evident after the application of 60 pulses.
In this case, T increased about 11-fold before it dropped again
to its initial value within 7 h. In comparison, after exposures to
20 pulses, the characteristic time constant increased only about
6-fold and had nearly completely recovered within 3 h after
exposure. The application of 8 pulses had only a slight effect on
7 with an about 2-fold increase at most.

B. Immunofiuorescence of Tight Junction Protein ZO-1

For comparison with impedance measurements, WB-F344
monolayers were fixed and ZO-1 proteins were stained 30 min,
1 h and 3 h after exposure to 60 pulses with 330 V, accord-
ing to the most pronounced impedance changes (Fig. 4). In
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Fig. 3. Temporal development of the resistance at very low frequency,

Ry (a), the dimensionless dispersion parameter, o (b), and the char-
acteristic time constant, = (c) for monolayers exposed to 8, 20, and 60
rectangular voltage pulses of 100 ns duration and an amplitude of 330 V
in comparison to controls. The inset in panel (a) shows the development
of Ry for the first two minutes.

control cells, ZO-1 formed a continuous border around cells with
diffuse background fluorescence from the cytosol but no spot-
like localized fluorescence indicating the protein (Fig. 4(d)).
Within 30 min after application of 60 pulses, cells outlined by

Fig. 4. Staining of tight junction protein ZO-1 in confluent WB-F344
monolayers 30 min (a), 1 h (b), and 3 h (c) after exposure to 60 rect-
angular voltage pulses of 100 ns duration and an amplitude of 330 V in
compatison to control (d).

Z0-1 staining appeared ruffled and in some places interrupted
by spots apparently without ZO-1 (Fig. 4(a), white arrows point-
ing out gaps). Still, no cytosolic ZO-1 was observed. Within 1 h
after pulse application, TJs in the plasma membrane seemed
almost completely disintegrated. Outlines of the cells were dif-
ficult to distinguish and ZO-1 proteins could be found in the
cytosol (Fig. 4(b), white arrows pointing out protein in the cy-
tosol). After an incubation time of 3 h, following exposure, TJs
had partly recovered and images looked similar to results ob-
tained 30 min after exposure. Marginal fluorescence indicates
Z0O-1 was still present in the cytosol (Fig. 4(c)).

C. Monolayer Permeability Assay

The assay of trans-epithelial transport of molecules through
confluent WB-F344 monolayers, which is associated with dis-
ruption of TJs, was measured before and after application of 8,
20 and 60 rectangular voltage pulses of 100 ns for an applied
voltage of 330 V (Fig. 5). The cumulative transport of FITC-
dextran through the monolayer was measured every 30 min for
5 h after exposure (Fig. 5(a)). Control monolayers showed only
a very slight increase of trans-epithelial molecular transport over
time. While almost no marker transport through monolayers be-
fore exposure could be detected, the amount of trans-epithelial
transported molecules of exposed monolayers increased after
pulse application in a pulse number-dependent manner. Mono-
layers that were exposed to 8 pulses reached a saturation regard-
ing the cumulative transport within 3.5 h after pulse application
with a final value of barely 0.2 nmol. Much more dye molecules
were transported through the monolayers within 5 h after the
application of 20 and 60 pulses, with 0.4 and 0.95 nmol, respec-
tively. The increase of the amount of trans-epithelial transported
molecules over time was not linear. Furthermore, no linear cor-
relation could be found between the cumulative transport and
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duration and an amplitude of 330 V (a), and the respective apparent
permeabilities (b) compared to controls.

the number of applied pulses. The apparent permeability, P,
which is based on the accumulation of FITC-dextran in the re-
ceiver solution, is shown in Fig. 5(b). Values for P,,, were
calculated for 1.5 h, 3.5 h and 5 h from the respective slopes as
shown in Fig. 5(a), i.e., the increase up to 1.5 h, between 1.5 h
and 3.5 h and from 3.5 h to 5 h, respectively. For control mono-
layers, P,,, was quite stable at a value below 107 cm/s. In
contrast, the marker appearance rate, P, increased to about
4.5-107° cm/s, 6.6-10~° cm/s and 16.8-10~° cm/s for monolay-
ers exposed to 8,20 and 60 pulses, respectively, within 1.5 h after
exposures. When compared to controls, FITC-dextran transport
across monolayers hence increased 6-fold, 9-fold, and 23-fold
for the application of 8, 20 and 60 pulses. Notable, monolayers
exposed to 8 pulses recovered within 3.5 h and transport after-
ward was only about 2-fold higher than for controls. Conversely,
the apparent permeability, P, ,,,, decreased to just 83% and 80%
of the initial values of monolayers exposed to 20 and 60 pulses
after 3.5 h, respectively, and to about half of the initial value
within 5 h.

Fig. 6. Pl uptake of control (a), and after exposure to 8 pulses
(b), 20 pulses (c), and 60 pulses (d) of 100-ns duration and an am-
plitude of 330 V. The gold rectangles above each image and dark bands
within the images indicate the position of the electrodes incorporated in
the ECIS-chips.

D. Cell Membrane Permeability

Uptake of propidium iodide (PI) by cells exposed to electric
fields is a common method to demonstrate cell membrane per-
meability. To conduct the assay, 3-uM PI in culture medium was
incubated with cells 15 min before exposures. Afterward, the
fluorescence of PI was observed 15 min after pulse application
by a fluorescence microscope. PI uptake of a confluent mono-
layer without stimulation (control) is shown in Fig. 6(a). (All
images were increased in brightness by 60% for better presen-
tation.) PI uptakes of monolayers after exposure to 8, 20 and
60 pulses of 330 V are shown in Fig. 6(b), 6(c), and 6(d). The
gold-colored rectangles above each figure indicate the positions
of electrodes for the ECIS-chips and red fluorescent signals in-
dicate cells with PI uptake. It can be seen that there is only a very
limited number of cells positive for PI for controls, which indi-
cates cells that are apparently already dead. After exposure to
nsPEFs, the number of cells showing PI uptake and the respec-
tive intensity of fluorescence increased with increasing pulse
number. PI-positive cells are mainly aligned along the edges of
electrodes (dark bands in figures) corresponding to sufficiently
high electric fields according to Fig. 2(c). In comparison to con-
trols, there are only a few more cells showing PI uptake along
edges of the electrodes after exposures to 8 pulses (Fig. 6(b)).
The number of cells taking up Pl increased considerably for ex-
posures to 20 pules as shown in Fig. 6(c). After the application
of 60 pulses, almost all cells along the edges of the electrodes
exhibited PI uptake (Fig. 6(d)).

We also studied PI uptake by adding PI at 5, 10 and 15 min
after application of 8,20 and 60 pulses, respectively. For 8 and 20
pulses, Pl-uptake was reduced in agreement with the possibility
of reversible membrane poration during the first 15 minutes.
Likewise, also for exposures to 60 pulses, a decrease in PI
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uptake was observed but still a considerable number of cells
exhibited PI (data not shown).

E. Comparison of Cole Parameters for Different Pulse
Amplitudes but Same Delivered Energy

In order to expand the investigation of the effects of pulsed
electric field exposures, 32 pulses of 165 V and 2 pulses of 660 V
were applied in addition to exposures with 8 pulses of 330 V.
Accordingly, the same energy was provided for all treatment
options. The evolution of the Cole parameters over a time of 7 h
after exposure is depicted in Fig. 7. In general, all three treat-
ments resulted in similar changes of the Cole parameters with
distinct differences especially observed within the first 5 min
after pulse application. Resistance R, (Fig. 7(a)) appeared to
transiently increase within 1 min. For 8 pulses of 330 V an
increase of ~9% was observed 1 min after exposure that is fol-
lowed by dropping resistance values. In contrast, 32 pulses of
165 V and 2 pulses of 660 V both resulted in a similar lasting
increase of Ry of ~12% and ~5%, respectively. A significant
decrease of resistance values below initial values started at about
5 min after exposures. For all exposure conditions, R, contin-
ued to decrease for up to 20-30 min altogether until resistance
started to recover. After 2 h the resistance eventually even ex-
ceeded initial values. The largest increase was observed 2 h
after exposures with 10%, 14% and 10% after the application
of 32 pulses of 165 V, 8 pulses of 330 V and 2 pulses of 660 V,
respectively. Afterward, R, moderately dropped again within
the next 2-3 h.

The dimensionless dispersion width parameter o showed a
development similar to the resistance Ry (Fig. 7(b)). However,
an initial increase of the parameter was not observed and o
started to fall off instantly after exposure. The most signifi-
cant decrease of 14%, for 32 pulses of 165 V, was observed
30 min after exposure. Values of a dropped by about 11%
from the initial measurement 30 min after exposure to either 8
pulses of 330 V or 2 pulses of 660 V. Then a gradually recov-
ered and regained values comparable to pre-exposure conditions
3 h after pulse application with little change of these values
thereafter.

A different development is observed for the time constant
7 (Fig. 7(c)). Immediately after exposure, time constants were
increasing. Peak values that were obtained 1 h after exposure
to 32 pulses of 165 V were on average ~2.7 times larger than
pre-exposure values. For 2 pulses of 660 V and 8 pulses of
330 V were values for 7 ~1.5 times larger 1 h after exposure.
From the peak values, time constants gradually decreased to-
wards their initial values within 5 h after exposure. Altogether,
average values for different time points for the comparison of
these exposure protocols are afflicted by considerable errors.
However, individual repetition of experiments unambiguously
always showed the same general trend.

IV. DISCUSSION

Bioimpedance analysis is a powerful tool to obtain informa-
tion about structural and functional changes of cell membranes
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Fig. 7. Development of Cole parameters after exposure to different
numbers of rectangular voltage pulses of 100-ns duration and with the
same energy but different amplitudes (32 pulses of 165 V, 8 pulses of
330 V, 2 pulses of 660 V). Resistance at very low frequency, R, (a), Cole
parameter, a, (b), and time constant, 7 (c). The insets in panels (a) and
(c) show the development of R, for the first five minutes and of = for the
first ten minutes, respectively.
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uptake was observed but still a considerable number of cells
exhibited PI (data not shown).

E. Comparison of Cole Parameters for Different Pulse
Amplitudes but Same Delivered Energy

In order to expand the investigation of the effects of pulsed
electric field exposures, 32 pulses of 165 V and 2 pulses of 660 V
were applied in addition to exposures with 8 pulses of 330 V.
Accordingly, the same energy was provided for all treatment
options. The evolution of the Cole parameters over a time of 7 h
after exposure is depicted in Fig. 7. In general, all three treat-
ments resulted in similar changes of the Cole parameters with
distinct differences especially observed within the first 5 min
after pulse application. Resistance R, (Fig. 7(a)) appeared to
transiently increase within 1 min. For 8 pulses of 330 V an
increase of ~9% was observed 1 min after exposure that is fol-
lowed by dropping resistance values. In contrast, 32 pulses of
165 V and 2 pulses of 660 V both resulted in a similar lasting
increase of Ry of ~12% and ~5%, respectively. A significant
decrease of resistance values below initial values started at about
5 min after exposures. For all exposure conditions, R, contin-
ued to decrease for up to 20-30 min altogether until resistance
started to recover. After 2 h the resistance eventually even ex-
ceeded initial values. The largest increase was observed 2 h
after exposures with 10%, 14% and 10% after the application
of 32 pulses of 165 V, 8 pulses of 330 V and 2 pulses of 660 V,
respectively. Afterward, R, moderately dropped again within
the next 2-3 h.

The dimensionless dispersion width parameter o showed a
development similar to the resistance Ry (Fig. 7(b)). However,
an initial increase of the parameter was not observed and o
started to fall off instantly after exposure. The most signifi-
cant decrease of 14%, for 32 pulses of 165 V, was observed
30 min after exposure. Values of a dropped by about 11%
from the initial measurement 30 min after exposure to either 8
pulses of 330 V or 2 pulses of 660 V. Then a gradually recov-
ered and regained values comparable to pre-exposure conditions
3 h after pulse application with little change of these values
thereafter.

A different development is observed for the time constant
7 (Fig. 7(c)). Immediately after exposure, time constants were
increasing. Peak values that were obtained 1 h after exposure
to 32 pulses of 165 V were on average ~2.7 times larger than
pre-exposure values. For 2 pulses of 660 V and 8 pulses of
330 V were values for 7 ~1.5 times larger 1 h after exposure.
From the peak values, time constants gradually decreased to-
wards their initial values within 5 h after exposure. Altogether,
average values for different time points for the comparison of
these exposure protocols are afflicted by considerable errors.
However, individual repetition of experiments unambiguously
always showed the same general trend.

IV. DISCUSSION

Bioimpedance analysis is a powerful tool to obtain informa-
tion about structural and functional changes of cell membranes
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Fig. 7. Development of Cole parameters after exposure to different
numbers of rectangular voltage pulses of 100-ns duration and with the
same energy but different amplitudes (32 pulses of 165 V, 8 pulses of
330 V, 2 pulses of 660 V). Resistance at very low frequency, R, (a), Cole
parameter, a, (b), and time constant, 7 (c). The insets in panels (a) and
(c) show the development of R, for the first five minutes and of = for the
first ten minutes, respectively.
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capacitance as well as intra- and extracellular conductivities.
Values increased immediately after exposures, indicating path-
ways between and through cell membranes and water incorpo-
rated into membranes, e.g., in pores (Fig. 5), hence changing
membrane capacitance [64]. However, the interpretation of Cole
parameters should be more carefully evaluated for a high level of
permeabilization [37], in particular for the highly heterogeneous
permeabilization as a consequence of the underlying inhomo-
geneous electric field distribution for impedance measurements
(Fig. 2(c)).

The large increase of 7 observed for the intense exposure in
Fig. 3(c) is presumably only in part related to changes of mem-
brane capacitances and probably more significantly to a more
extensive overall permeabilization across the monolayer. Water
that is incorporated in the gaps in the monolayer is probably
contributing accordingly. Nevertheless, mild exposures resulted
in a lower permeabilization and no cell death. In this case, the
increase of 7 is much smaller and reflects cell membrane con-
ductivities and capacitance more directly.

However, cell membrane related effects cannot completely
explain the large increase of T several tens of minutes after ex-
posures. At this time, cell membranes have generally already
resealed. Extending the discussion on changes of 7y, we hy-
pothesize that 7 is not only related to cell membrane capacitance
but also the cohesion of cells in the monolayer which is fore-
most sustained by tight junctions [62]. The disruption of tight
junctions might have increased the membrane capacitance and
consequently the value of 7.

C. Changes of the Dispersion Width, o

Cole parameter « shows noticeable differences between be-
fore and after exposures and differences were markedly in-
creased according to the pulse number. Genesca et al. argued
that o reflects the morphology of the extracellular spaces [61]. In
their study, they found that the detachment between tubule cells
was accompanied by a decrease of «. In another investigation,
a drug of Swinholide, which acts mainly on the cytoskeleton,
was used to decrease o without significantly affecting other
Cole parameters [39]. The evolution of v was found related to
changes of cell morphology as a secondary effect of the disas-
sembly of the cytoskeleton. Associated constrictions or imper-
fections of the extracellular spaces will then result in a decrease
of a.

A reason for the decrease of « could be the disruption of
TIJs, introducing defects in the morphology of the extracellular
spaces. This assumption is in agreement with changes of TJs
observed by ZO-1 staining, together with the decrease of R, and
the increase of the paracellular permeability, P,,,. In Fig. 5(b),
the largest change of the apparent permeability occurred 1.5 h
after intense exposure, consistent with timelines observed for
TJ-staining. Afterward, P, decreased gradually, suggesting
that the barrier for the diffusion resealed, in other words, TJs
recovered simultaneously. The minimum of o was attained at
1 h after moderate and intense exposure, which was also the
time when the most significant disruption of TJs (Fig. 4) and
the largest value of P,,, were recorded. ZO-1 lost continuity

within 1 h after and partly recovered within 3 h after exposure
as shown in Fig. 4.

Another mechanism constricting extracellular spaces and de-
creasing « is the change of cell morphology, such as cell
swelling, which was not observed in the plane of the mono-
layer, but could have changed cell heights. Cell morphology is
furthermore greatly dependent on the stabilization by the actin
cytoskeleton and membrane elasticity [65]. Therefore, changes
of the cellular membrane elasticity and cytoskeleton after ex-
posure to 100-ns PEFs, which have been observed in WB-F344
by Steuer et al. [66], could also contribute to the changes of the
extracellular spaces, which is then reflected by the decrease of cv.

D. Analysis of Dose Dependency of nsPEF Effects

To investigate dose—dependent effects of nsPEFs on cell-cell
interactions, different electric field strengths were administered
with pulse numbers that in total deliver the same energy. Expo-
sures with 32 pulses of 165 V and 2 pulses of 660 V were admin-
istered, resulting in electric field strengths of about 10 kV/cm
and 40 kV/cm along the electrode-edges (Fig. 2(c)), respectively,
and compared with exposures to 8 pulses of 330 V, correspond-
ing to 20 kV/cm. For all conditions did the resistance at very low
frequency more or less and transiently increase within the first
5 min after exposures (inset Fig. 7(a)) and the monolayer in-
tegrity was subsequently reduced within 30 min after exposures
(Fig. 7(a)). Ry started to recover 1 h after exposures, suggest-
ing the recovery of monolayer integrity. Dispersion width, «, as
well as the time constant, 7, recovered within 3 h after expo-
sures, demonstrating the recovery of the extracellular spaces. In
particular, T derived for 32 pulses of 165 V showed much larger
changes in magnitude than for the other 2 exposure conditions.
In all cases was the overall trend the same. However, taking the
high heterogeneity of the electric field distribution of the elec-
trode configuration into account, an actual dose-dependency
could not be confirmed.

V. CONCLUSION AND OUTLOOK

Impedance analysis combined with a Cole model is an ef-
fective real-time and essentially non-invasive method for the
investigation of pulsed electric field effects on monolayers and
accordingly potentially also for the evaluation of in vivo treat-
ments. Cole parameters can be related to morphological and
functional changes and provide a more refined understanding of
underlying mechanisms. Based on the analysis, we can conclude
that nsPEF-exposures lead to changes of paracellular pathways
and subsequently the decrease of Rj. In particular, intense ex-
posures reduce cell viability and hence promote the transmono-
layer pathway.

Changes of the monolayer integrity are not only reflected in
the decrease of low frequency resistance, R, . Dispersion width,
«a, and relaxation time constant, 7, relate to associated changes
of the morphology of the extracellular spaces and cell mem-
brane permeabilization. Especially « correlates with changes
of cell-cell interactions. Furthermore, Cole parameters offer the
possibility to differentiate between different phenomena and
to evaluate quantitatively changes of electrical properties of
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cells after exposure to nsPEFs. Improvements of the experimen-
tal design, e.g., a more homogeneous exposure system, would
increase the accuracy of results. Moreover, inducing known
biological effects, e.g., by chemical treatments instead with
electrical stimuli could assist the interpretation and validation of
bioimpedance data. Eventually, a dedicated further development
of the method might provide a monitoring system for clinical
therapies with a real-time feedback not only for pulsed electric
field applications but for other therapies as well.
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Abstract

Crozshark

MNormal and cancer cells, which were grown in monolayers. were investigated and
discriminated by electrical bicimpedance spectroscopy (EBIS) before and after exposures
to nanosecond pulsed electric fields (nsPEFs). Bioimpedance data were analysed with a

Cole~Cole model and the principal component analysis (PCA).

Mormal and cancer cells

could be clearly distinguished from each other either from Cole parameters (Rp, o, 7) or from
two dominant principal components. The trend of changes for Cole parameters indicated
distinctively different post-nsPEF-effects between normal and cancer cells. PCA was also
able to distinguish characteristic impedance spectra 30 min after exposures. The first principal
component suggested that post-nsPEF-effects for normal cells were revealed especially at
lower frequencies. The results indicated further that the extracellular resistance, which is
dominated by cell-cell connections, might be an important facter with respect to selective
nsPEF-effects on cancer cells that are organized in a monolayer or a tissue, respectively.
Accordingly, the results support the application of EBIS as an early, non-invasive, label-free,
and time-saving approach for the classification of cells to provide in particular predictive

information on the success of cancer treatments with nsPEFs.

Keywords: electrical bioimpedance spectroscopy. cancer, nanosecond pulsed electric fields,

principal component analysis
Supplementary material for this article is available online

(Some figures may appear in colour only in the online journal)

1. Introduction

The investigation of effects on cancer and normal cells is of
crucial importance for the development of novel anti-cancer

m‘ Original content from this work may be used under the terms

[T of the Creative Commons Atwribution 3.0 licence: Any further
distribution of this work must maintain aonbation w the author(s) and the wtle
af the work, journal citation and DO

1361-6463511%495401+12533.00 1

strategies. Cancer and normal cells can be discriminated by
their different electrical properties [1]. which can be deter-
mined by electrical bioimpedance spectroscopy (EBIS)
[2. 3]. EBIS measures the impedance by sending a series of
very low voltage sinusoidal signals (typically of 10 mV) to the
analyte and deriving the ratio of the output voltage and corre-
sponding electrical currents [4]. Consequently. this constitutes
an inherently non-invasive, real-time. sensitive and label-free

£ 2019 IOF Publishing Lid  Printed in the LUK

54



J.Phys. D: Appl. Phys. 82 (2019) 455401

F Shi et al

diagnosis of cell behavior, including cell-substrate interac-
tions, cell-cell interactions and cell adhesion [5]. The method
is already established for the diagnostic of cells that are grown
and investigated under controlled conditions, such as mono-
layers on commercial EBIS-electrode arrays. Conversely,
the challenge remains to further develop the approach into
a viahle method also for tissues in vive. Therefore, reliable
experimental and analytical methods and meaningful interpre-
tations still need to be developed, which is one of the goals of
this study.

The electrical properties of biological samples, including
cells and tissues, determine also the primary effects of an
applied stimulus, which is prone to change these character-
istics as it is in particular relevant for currently pursuit treat-
ment of skin tumors by pulsed electric fields [6]. Especially
the application of nanosecond pulsed electric fields (nsPEFs)
is an attractive alternative for the treatment of solid tumors
[7. 8]. Conversely, electric field-induced changes of the elec-
trical properties can be reflected in bioimpedance spectra,
which can then be used for the evaluation of the respective
treatments. Accordingly, impedance spectroscopy could offer
a way to predict a patient-specific treatment success before
any biological effects become obvious [9, 10].

With our previously reported work, we have established
a method and procedures to use EBIS for the investigation
of effects of pulsed electric fields with a duration of 100 ns
on rat liver epithelial cells (WB-F344) that were grown in
monolayers [11]. The information of a bioimpedance spec-
trum for the cell monolayer could be summarized by four
descriptive parameters that were obtained by fitting spectra
with a Cole model. The resistance-value at zero frequency,
Ry, is commonly related to extracellular resistance and mem-
brane integrity of individual cells. The dispersion width, e,
has been correlated with the morphology of the extracellular
space and to some degree with the distribution of cell size
[12]. A significant decrease of Ry and a suggested the disrup-
tion of cell-cell junctions, in particular tight junctions. This
effect was confirmed by the increase of another parameter,
the characteristic time constant. T, which is, together with
Ry, descriptive for the contribution of the capacity C,, of the
cell membranes to the overall capacitance of the monolayer.
Moreover, a transient increase of Ry within 1 min after expo-
sures suggested cell swelling, probably due to electroporation.
Altogether, the study proved the possibility to use EBIS to
monitor nsPEF-treatments.

Compared to treatments with longer pulses of micro-
seconds to milliseconds, exposures with nanosecond pulses
are essentially non-thermal and are known to induce intracel-
lular effects, especially apoptosis, without the need for chem-
otherapeutics [13, 14]. Interestingly, there has been some
theoretical and experimental evidence for different sensitivi-
ties of cancer cells and normal cells towards nsPEF-exposures
[15-17].

Regardless of the extensive research on the differences of
nsPEF-effects on cancer and normal cells, underlying mech-
anisms and criteria that are responsible for the differences are
not well described. Sensitivities are presumably determined
by morphologies [18], mechanical properties [19] and also

electrical properties [15]. The latter dominate electrical field
distributions as well as current distributions and densities and
will therefore directly determine electroporation mechanisms
or any other mechanism of electrical manipulation [20-23].

A cell monolayer expresses an extracellular matrix and cell-
cell connections similar to tissues while it reduces the overall
complexity. Two normal epithelial cell lines, WB-F344 and
human keratinocytes (HaCat) were cultivated, which express
more compact cell-cell connections compared with cancer cells.
A possible reason (or consequence ) for the degradation of cell-
cell connections of cancer cells is the facilitation of invasion and
metastasis [24, 25]. The liver epithelial cells were compared
to a syngenic counterpart, WB-ras, which was derived from
WB-F344 cells by transfection with the oncogene ras. Since
such a direct comparison was not possible for HaCat-cells, these
were compared to a human melanoma cell line (Sk-Mel-28).

Since the primary goal of the study was the investigation
of differences with respect to electrical characteristics and
exposures, preferably non-fatal conditions were chosen for
exposures. Cell death and extensive electroporation would
dominate the bioimpedance spectra regardless of the cell line.
Such unselective nsPEF-effects were observed in our previous
work and were likewise reported for example for the response
of normal skin and melanoma after exposure to 100 pulses of
300 ns PEFs with 40kV cm™! [6].

Due to its simplicity. popularity and explanatory power. the
first choice for the interpretation of bioimpedance spectra is
the analysis by a Cole model and a corresponding equivalent
circuit. However, there are limitations to such a parameterized
approach [26]. Fitting errors are inevitable and Cole param-
eters extracted from repetitive measurements for the same
specimen are prone to large errors [27, 28]. Typical errors are
due to the implementation of different algorithms for the anal-
ysis together with statistical variations of measurements. Even
errors of only a few percents might prevent discrimination of
cell types and assessment of therapeutic results.

Therefore, in addition. a multivariate model, i.e. principal
component analysis (PCA). was applied as a non-parametric
representation. PCA is commonly implemented to reduce the
dimensionality of a raw spectram without ab fnitio assumptions
on the physiological or physical meaning of the parameters
(principal components) that are extracted for a description.
PCA has been widely applied for the classification of phe-
nomena and for process monitoring [29-31]. Linearly uncor-
related eigenvectors are derived from an observed dataset by
an orthogonal transformation. The eigenvector with the highest
eigenvalue is chosen as the first principal component (PC) of
the dataset, representing the most salient information. The
inherent error of the approach is determined by the number of
principal components that are included in the analysis in addi-
tion to the variation of results for individual measurements.

2. Methodology

2.1 Cell culture

The electrical properties of normal and cancer cells with either
the same origin, i.e. syngeneic liver cells, or cells that can be
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Figure 1. Schematic for the principle of the conducted
Boimpedance analysis. The impedance spectra of monolayers,
grown on interdigitated electrode arrays, were analyvsed using a
Cole—Cole model or PCA.

found together in the same organ. i.e. skin, were investigated.
The WB-F344 cell line was derived from a normal adult male
Fischer 344 rat liver by Grisham er al [32]. The cancerous cell
line WB-ras was derived by transfecting WB-F344 cells with
the HRAS oncogene. As a result, these cells are character-
ized by the absence of contact inhibition, a spindle shape, and
tumorigenicity in vive [33]. Both cell lines were obtained from
Prof ] E Trosko. Michigan State University, East Lansing, M1,
USA. In addition, cells that are typically found in skin tissue,
i.e. Sk-Mel-28 melanoma cells and non-tumorogenic HaCat
cells (both from ATCC, LGC Standards GmbH, Germany)
were compared. The pairing is typical also for other studies on
the comparison of melanoma cells with normal cells [34, 35].

All cell lines were cultivated in DMEM with 1g 17" glu-
cose supplemented with 2mM L-glutamine, 5% fetal calf
serum (FCS) and % penicillin/streptomycin (all purchased
from PAN-Biotech GmbH. Aidenbach, Germany). The osmo-
lality of the medium was determined to be 300 mOsmol kg !
bhased on the freezing point depression (OSMOMAT 3004},
Gnotee GmbH, Berlin, Germany).

2.2. Bioimpedance analysis

A detailed description of setup and procedures for the con-
ducted bioimpedance measurements has been presented pre-
viously [9]. Basic steps and approaches are summarized in
figure 1.

In brief, ECIS-8W20idf-plates (Applied Biophysics,
Inc., NY, USA) with an integrated interdigitated electrode
array were pre-treated with 10mM L-cysteine 15 min before
seeding cells to obtain a stable impedance [36]. Each well
was filled with 300 pl cell culture medium and a cell seeding
density of 50000 cells/well. The monelayer was considered
confluent when the impedance at 20kHz became stable for
two consecutive days. The impedance at 20kHz is close to

the largest increment of the impedance module when the cell
is grown on electrodes and avoids ambiguous contributions
from electrode polanization. Impedance measurements as
well as nsPEF-exposures were conducted with the electrode
arrays embedded in the wells. The impedance was meas-
wred from 100 Hz to 10 MHz using an impedance analyser
(Agilent 4294A, Keysight Technologies, Inc., USA) together
with the appropriate test fixture (Agilent 16047E, Keysight
Technologies. Inc.. USA). Recorded data were analysed on
the one hand by two individual Cole-models for the respec-
tive electrical components, i.e. describing electrode processes
or monolayers, connected in series and on the other hand by
a PCA. The information of impedance spectra was summa-
rized by four Cole parameters (R, Ry. o, and 7) and score and
loading plots for the PCA, respectively.

The impedance for the Cole-models in series can be
expressed by:

Roup—Rx'op
Z = Zop + Zeais = [Rocep + Toi] W
RBy—Ro
- [Rx T e

The first term in brackets represents electrode polarization:
the term in the second bracket describes the contribution of
the cell monolayer. Parameters R.. and Ry are describing the
respective resistance at infinite frequency and at very low fre-
quency. The expression (iwT)” is known as constant phase ele-
ment (CPE) to describe non-ideal capacitance, Zm‘ with ov a
dimensionless dispersion factor (00 << o < 1) and 7 the char-
acteristic time constant. The latter is commaonly related to the
average cell capacitance. for example, according to Trainito
eral [37]:

=
Cn = momr 2)

Parameters with a subseript “ep’ represent parameters asso-
ciated with electrode polarization. The parameter R, was
omitted in the fitting process since it should be much smaller

than Ry, and K.

2.3. Fulsed electric field exposures

A series of rectangular 100 ns pulses were produced by an
in-house built Blumlein transmission line square wave pulse
generator [38]. The high voltage pulses were delivered to the
ECIS-chip with a pair of copper clamps. A high voltage probe
(P5100A, Tektronix, Beaverton, OR) was connected to a fast
oscilloscope (TDS3054, Tektronix, Beaverton, OR) to mon-
itor the amplitude and the shape of pulses. The advantage of
providing nsPEFs by the interdigitated electrode array is that
only cells close to the electrodes are affected. Consequently,
these cells determine changes of the impedance spectra.
A lethal stimulation would kill cells and let dead cells float
away, resulting in gaps with similar changes to the spectrum
that are determined by the medium regardless of the particular
cell line. Therefore especially interesting for comparison are
non-fatal exposures to pulses with a voltage of 330 V and
pulse numbers of 8, 16 and 24 that were applied with a repeti-
tion rate of 1 Hz. Comresponding to the voltage is an average
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Table 1. Mean values for Cole parameters together with their standard deviations, 8. of untreated WE-F344 and WEB-ras cell monolayers

("p < 005, "p < 0.01)

Cole parameter WB-F344 h WB-ras & p-value
R, ({tem’) 255.21 3881 23482 24 84

Ry# 1% 107 (€2 em?) 1.81 0.32 1.07 0.20 "

o 0.71 0.02 073 n.01

Tl 10°° (us) 742 203 791 1.71

Co (pF cm ) 0.15 0.05 124 0.04 el

Table 2. Mean values for Cole parameters together with their standard deviations, 8, of HaCat and Sk-Mel-28 cell monolayers (p < (L05,

*p < 0.01).
Cole parameter HaCat o Sk-Mel-28 & p-value
R (L) cmf) 22470 3144 21241 3146
Ry w1 x 107 {82 em®) 0.2 0.04 0.62 .06
o D.72 0.01 049 .04
e 1% 107" (us) 3.54 0.14 13.196 371
Co (F e ) 0.19 .01 11.929 7.32

electric field strength close to the edge of the electrodes of
about 20kV cm™! [9].

2.4. Principal component analysis

The magnitude 1Z] and phase angle # as a function of frequency
of nine samples for each untreated cell line and three samples
for each treated cell line were computed for PCA with Origin
2017 (OriginLab, Northampton, MA) and PCA score plots
and loading spectra were derived accordingly.

2.5, Statistical analysis

Impedance measurements for all exposure conditions were
conducted at least in triplicates and mean values and standard
deviations, &, for each Cole parameter were calculated corre-
spondingly. For monolayers exposed to pulsed electric fields,
three independent monolayers were analysed. Nine sam-
ples were investigated for each cell line for the comparison
berween different untreated cell lines. For this case, the statis-
tical significance {p-value) of each Cole parameter was evalu-
ated by a paired-sample r-test with MATLAB (MathWorks,
Natick, MA, USA).

3. Results

Cole parameters were extracted for cell monolayers before
and after exposures from the equivalent circuit model that is
shown in figure |. Mean values and standard deviations for
untreated cell lines, as well as the associated statistical sig-
nificance. are presented in tables | and 2. Data for normal and
cancer cell monolayers were considered significantly different
forp < 0.05 (") orp < 0.01 (**), respectively.

The PCA score plot is presented in the subsequent section.
Values, in general, were normalized against values obtained
for untreated monolayers for the analysis of the temporal evo-
lution of each Cole parameter.

3.1 Cole parameters for untreated normal and cancer cell
monolayers

Cole parameters of WB-F344 and WB-ras cell monolayers
are summarized in table 1. The value of R for a WB-F3d4
cell monolayer was 255.21 = 39.81 (! - cm®. Hence, the
mean value was about 8.7% higher than for corresponding
tumorigenic WB-ras cell monolayers (234.82 = 2484 O -
em?). Overall the difference was not statistically significant
(p = 0.05). Likewise, no significant differences were revealed
for the dispersion width, o. between WB-F344-monolayers
(0.71 £ 0.02) and WB-ras cell monolayers (0.73 £ 0.01) or
for the time constant, 7, of WB-F344 cells (742 £ 2.03 us)in
comparison to WB-ras cells (7.91 = 1.71 ps).

However, a significant difference was found for & and the
cell membrane capacitance, Cp,. The value of R, for WB-F344
monolayers was 1806 + 317 © - cm?, and therefore almost
twice that of £, for WB-ras cell monolayers, i.e. 1065 + 200
. em®. The cell membrane capacitance, Cy, of WB.F344
cells and WB-ras cells was also significantly different, with
0.15 £ 005 yF m™? and 0.24 £ 0.04 uF m7, respectively.
Hence. €y, for WB-ras cells was 1.6 times larger than for
‘WB-F344 cells. It should be noted that Cp, is not a completely
independently determined parameter, unlike Ry, o, and 7. and
hence respective changes are in particular associated with Ry
and together with Ry also with +.

Tahle 2 shows the mean values and standard deviations of
the Cole parameters R.., Ry. o, and 7 for monolayers of HaCat
cells and Sk-Mel-28 cells. The values for B.. were again sim-
ilar for cancer cells and normal cells but still significantly dif-
ferent. For HaCat cells, K. is with 224.69 + 31.94 0 - cm®
about 6% larger than for Sk-Mel-28 cells (21241 £ 314682 -
em?). Values for R were not much different from WB-F344
cells and WB-ras cells.

Differences were more pronounced for other Cole param-
eters. Values of Ry for HaCat cell monolayers (RB16 = 37

£} - cm®) were about 32% higher than Ry for Sk-Mel-28 cell
monolayers (620 £ 60 (} - cm?). The dispersion width ., of a
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Figure 2. The largest three principal components (PCs) for phase
spectra for untreated cell monolavers. Every sphere represents an

EBIS-measurement and the ellipsoidal envelopes define the 95%

confidence regions for individual cell lines.

HaCat cell monolayer is 0.72 = 0.01, which is about 1.5 times
larger than for a Sk-Mel-28 cell monolayer (0.49 = 0.04). On
the contrary, T for HaCat cells is almost 4.7 times smaller than
7 obtained for Sk-Mel-28 cells, ie. 3.54 = (.14 ps versus
13.20 + 3.71 pus. Values of €, for HaCat cells and Sk-Mel-28
cells were again significantly different, with (.19 = 0.01 uF
m~? and 11.93 £+ 7.32 4F m ™2, respectively.

Cole parameters for electrode polarization showed no
significant differences regardless of the cell line, as shown
in tables 51 and 82 of the supplementary information (SI)
(stacks.iop.org/JPhysD/52/49540 1 /mmedia).

3.2. PCA for untreated normal and cancer cell monolayers

Figure 2 displays the PCA score plot of phase spectra for
untreated cell monolayers for the four investigated cell lines.
A score plot describes the transformation of original variables
into new coordinates (principal components) with the goal to
give an alternative representation of a data set. The approach
offers a better visual differentiation of the measurements. The
first three principal components contributed with a variance of
98.45% to the phase spectra. In the 3D-space, which is defined
by the principal components (PC1, PC2, PC3). every sphere
represents an individual EBIS-measurement for a sample.
In addition, the ellipsoidal envelopes describe the 95% con-
fidence regions for each cell line. The distinct separation of
each ellipsoid indicates a clear and significant differentiation
between cell lines. (Additional views, showing the separation
with respect to pairs of PCs, are provided with the supplemen-
tary information for this manuscript in figure S1.)

The PCA score plot for the magnitude 12| can be found in
figure S2 of the supplementary information (SI). In this case,
PC1 and PC2 contribute with more than 99.97% variance
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Figure 3. Temporal evolution of normalized Cole parameters for

WHB-F344 cell monolayer before and afier exposure to 100 ns PEFs:

{a) low frequency resistance Ry, (b) dispersion width o and (c) time
constant 7,
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Figure 4. Temporal evolution of normalized Cole parameters for
WB-ras cell monolayers before and after exposure to 100 ns pulsed
electric fields: {a} low frequency resistance Ro. (b) dispersion width
o and (c) time constant .

and the ellipsoidal envelopes for different cell lines are not
well-differentiated.

3.3. Temporal evolution of cole parameters for WB-F344 and
WB-ras cell monolayers after nsPEF-exposures

The change with time of normalized Cole parameters (R..., Rq.
a, 7) was pulse number-dependent for both normal and cancer
cell monolayers. The results are shown in figure 3.

The temporal evolution of Ry, for WB-F344 cell monelayers
is shown in figure 3(a). A transient increase was observed
within 1 min after exposure to either &, 16, or 24 pulses with
values that were 20%, 40%, and 28% higher than the initial
values, respectively (see inset of figure 3(a)). The data confirm
a transient increase that was also observed in our previous
study for the same exposure conditions [9], although values
were actually lower. A medium with lower glucose concentra-
tion was used in the present investigation which is presum-
ably responsible for the difference. After the brief increase, Ry
gradually decreased before it recovered again. The decrease
was more pronounced for higher pulse numbers and also took
longer. For eight pulses, Ry went down to 76.5% of the ini-
tial value and recovery started at about 30 min after exposure.
The same temporal development was observed for 16 pulses
although with slightly larger changes. A larger decrease of Ry
of 67.2%, compared to the initial value, was observed | h after
exposure to 24 pulses. Values for R, even increased above
the initial values 2h after exposure with 11.6% and 18.7%,
respectively, during the recovery after the application of 8 and
16 pulses.

Figure 3(b) shows the changes of Cole parameter i with
time. There was scarcely any change for exposures to eight
pulses and only a moderate decrease for 16 and 24 pulses.
Within 1 h after the respective exposures, a was still reduced
at most by about 12% before the values had recovered again
after 2h.

Another Cole parameter, T, which generally exhibited a ten-
tative increase, is depicted in figure 3(c). The largest increases
for 7 were observed | h after exposure to either 8, 16 and 24
pulses. with values about 1.3, 2.8, and 6 times larger than
observed for untreated cell monolayers. Eventually, values for
7 had recovered for both cell types 3 h after exposures.

In contrast, Ry, decreased for WB-ras cell monolayers
already within | min after exposures as shown in figure 4(a).
‘Within 10min after exposures to eight pulses, Ry was reduced
to the lowest value. which was about 23% lower than the value
obtained for untreated controls. During recovery, R, returned
to the initial value that was measured for untreated cells
within 1 h. Large reductions of By can be observed also within
1 h after exposure to 16 and 24 pulses. Values for the decrease
were close, i.e. a decrease by 37% and 32%, respectively.
Afterward, Ry recovered but did reach the values comparable
with untreated cells again only after 24 h.

Figure 4(h) describes the time course of changes of o
for WB-ras cell monolayers, with the biggest decrease
observed within 30 min after exposures to 8, 16 and 24
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Figure 5. Temporal evolution of normalized Cole parameters for
HaCat cell monolayer before and after exposure o 100 ns pulsed
electric fields: {a) low frequency resistance By, (b) dispersion width
o and (¢) time constant 7.

pulses, with 5%, 7% and 27% in comparison to untreated
cells, respectively.

The characteristic time constant, 7, that is shown in
figure 4(c) increased slightly within 1 min after exposures fol-
lowed by a decrease. Values for 7 went down to 80%, 71%
or 88% in comparison to untreated cells within 10min after
exposures to 8, 16 or 24 pulses. Overall. the changes are not
distinct, in particular taking error bars into account.

3.4. Temporal evolution of Cole parameters for HaCat and
Sk-Mel-28 cell monolayers after nsPEF-exposures

Changes of pormalized Cole parameters with time are
displayed in figure 5 for HaCat cell monelayers and for
Sk-Mel-28 cell monolayers in figure 6. Figure 5(a) describes
a fast drop of Ry for HaCat cell monolayers within 1 min
after exposure to eight pulses followed by a recovery eventu-
ally even exceeding initial values at 1h. Conversely. for 24
pulses. Ry jumped to values 35% above values obtained for
untreated cells in | min before values decreased again for the
next hour, The response for the application of 16 pulses fol-
lowed development between the results for exposures to more
or fewer pulses. After a slight ascent for about 20min, values
were not changing by much anymore. After 1h, values about
15% higher in comparison to untreated cell monolayers, were
observed for all exposure regimens.

The dispersion width, o, as shown in figure 5(b) changed
only slightly after exposures. For eight pulses, o decreased
by about 3% after | min and recovered again towards values
similar to initial values within 30 min. An opposite trend, i.e.
a small increase at the beginning with the highest values that
are 2.5% and 6% above the initial values after 10min, was
observed for 16 or 24 pulses.

The development of the characteristic time constant, T,
which is presented in figure 5(c), was very similar to the
changes that were recorded for Rp. For the smallest number
of pulses, i.e. eight, values dropped by 16% by 1 min before
increasing again. In contrast, T increased to values about 1.6
times larger than for untreated cells right after exposure to
24 pulses before values declined afterward. For 16 pulses, a
slow initial increase within 10/min could be observed to values
20% higher in comparison to untreated cells. Similar to the
development of Ry, values for T were eventually very similar
again for all exposure conditions and about 15% lower than
the values that were determined for the untreated monolayers.

For Sk-Mel-28 cell monolayers, R, increased by 18%, in
comparison to untreated controls, within | h after exposure to
eight pulses. which is followed by a gradual decrease towards
initial values during the next couple of hours (figure fa)).
Values fluctuated for about 5 min after the application of 16 and
24 pulses before a maximum increase was observed for Ry half
an hour later with values that were 22% and 30% above control
values. For later times, values did not quite drop back again to
values that were determined for unexposed cell monolayers.
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Comparable characteristics were also observed for o and
7 as shown in figures 6i(b) and (c). After a hardly noticeable
increase, o slightly decreased within I min after exposures.
Values for o reached maxima of about 5%, 12% and 20% above
values obtained for untreated cell monolayers | h after expo-
sures to 8, 16 and 24 pulses, respectively. The dispersion width.
o, was similar again to untreated monolayers 24h after expo-
sures. The time constant 7 did hardly change for the applica-
tion of eight pulses. A fast increase, of about 50% was recorded
for exposures to 16 and 24 pulses, which was succeeded by a
decrease towards initial values that was almost as fast as the
increase until 4 min later. Notably. values then increased again
10 maxima of about 29% and 43% above values obtained
for untreated cell monolayers 30 min after exposure to 16 and
24 pulses.

4, Discussion

4.1 Discrimination between normal and cancer cells
from Cole parameter Ag

The electrical properties of the cell monolayers can be
described according to an equivalent circuit model by the Cole
parameters Rg, v, and 7 [9] and in addition by the derived
quantity Cy,. The results that are presented in tables 1 and 2
demonstrate significant differences at least for one and often
for several of these parameters for all of the cell lines that
were investigated. Notable in particular are the differences
that were observed for similar cell lines or respectively normal
and cancer cells that can be found together in the same tissue.
such as HaCat cells and Sk-Mel-28 cells or WB-F344 cells
and WB-ras cells. The comparison of the latter is in particular
of interest since it allows to distinguish normal from cancer
cells of the same “type”.

The low frequency resistance Ry can describe in particular
the organization of cells in monolayers and hence presum-
ably also in tissues. With our previous investigation, we
could already show that R, represents the extracellular resist-
ance, which is dominated by cell-cell junctions, and espe-
cially adhesion junctions and tight junctions [9]. The largest
value for Ry was recorded for WB-F344 cells, followed by
‘WB-ras, HaCat and eventually Sk-Mel-28 cells. Hence values
for untreated normal cells were indeed consistently larger
than for their respective tumorigenic counterpart, indicating
tighter cell-cell connections for normal cells. The results fur-
ther show that such a comparison cannot be arbitrary but has
to take into account the ‘primary’ tissue where cancer cells
develop from similar normal cells, which is. in this case, either
liver tissue or skin. The characteristic differences for &y are
in agreement with other reports that cancer cells suppress the
expression of tight junctions as well as of adherens junctions
which is a prerequisite for the ability to metastasize [24, 25].
The smallest Ry for Sk-Mel-28 cells corresponds to the loss
of the connection between each cell in the monolayer, where
a lot of gaps between cells could be found visually (data not
shown).

After exposure to nsPEFs, changes of R; can be ascribed
to the disruption of cell-cell connections. Cell monolayers of

normal cells with more or/and stronger cell-cell connections
(figures 3{a) and 5(a)) were accordingly more significantly
affected compared to cancer cell monolayers with less or
weaker connections, resulting in bigger changes of Ry (figures
4{a) and 6ia)). This effect on cell-cell junctions was further
confirmed by values for &, that were 30'min after exposures
similar to the value determined for untreated Sk-Mel-28 cells.
The cell line is generally known to rarely exhibit cell-cell
connections [39]. The associated higher extracellular per-
meability of cell monolayers with Iacking dysfunctional or
degraded junctions resulted in Ry to decrease to values equal
to a value that is not determined by cell-cell connections.

For shorter imes after exposures, 1.e. within the first 10 min,
two other phenomena are likely also affecting Ry in addition to
the disruption of cell-cell connections. During this time, some
reversible electroporation of cell membranes might still pro-
vide another pathway for ions to pass through the monolayer
and consequently reduce values for Ry. Due to the limitations
of the present experimental procedures and limitations of the
Cole model, respective changes of Ry cannot be distinguished
in the impedance spectra from the effect on cell-cell junctions.
To separate electroporation-effects, an EBIS measurement
system with a higher temporal resolution and an improved
equivalent circuit model need to be developed.

A second phenomenon affecting Ry after exposures may
result from changes in the overall cell morphology. such as in
particular cell swelling or other changes of cell shape or size.
Cell swelling narrows the extracellular space and reduces the
pathway for ionic transport, hence leading to an increase of Ry,
An obvious increase of Ry within I min after exposures was
indeed observed for normal cell monolayers. For WB-Fi44
cells, Ry experienced a transient increase within | min after
exposures (figure 3(a)). Also, Ry for HaCat cell monolayers
(figure 5(a)) increased within 1 min after exposure to 16 and
24 pulses of nsPEFs. This increase was sustained much longer
than for WB-F344 cells. A small transient increase of R, for
Sk-Mel-28 cell monolayers within 1 min after exposure to
16 and 24 pulses (figure 6{a)) was also found. However, for
this very small change, still measurement errors could be
responsible. The presumed changes of cell morphologies and
corresponding changes of Ry are again superimposed in the
impedance spectra. Similar mechanisms might also account
for the second increase of Ry that was observed for WB-F344
cells around 2h after exposures.

4.2. Evaluation of morphologies of cells and extraceliular
space from Cole parameter o

Information on morphologies of cells in the monolayers, in
general, was reflected by another Cole parameter. The disper-
sion width, @, is commonly believed to be associated with
the heterogeneity of cell shapes and sizes and has accord-
ingly been argued to be also related to the morphology of
the extracellular space and in particular to be a measure of
its tortuosity. A decrease of o hence indicates an increase of
tortuosity of the extracellular space [12. 40]. The values of o
for untreated WB-F344, WB-ras, and HaCat cell monolayers
were similar and in the range from 0.71 to 0.72. The reason
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is presumably their similar epithelial-like cell morphology. In
contrast, Sk-Mel-28 cell monolayers had the smallest value of
o with (149, which reflects the extremely irregular polygonal
morphology of the cells

Changes of a with time after nsPEF-exposures likewise
exhibited clear differences for different cell monolayers (fig-
ures 3(b), 4(b). 5(hy and 6(b)). Notable is the second increase
of o that was observed for Sk-Mel-28 cells starting 5 min after
exposures. indicating a significant change of the morphology
of the extracellular spaces. This was probably due to the high
mobility of Sk-Mel-28 cells during culture.

4.3. Derivation of membrane capacitance
from Cole parameter -

The characteristic time constant. 7, is related to the mem-
brane capacitance Cy, as described by equation (2). A distine-
tion between normal and cancer cells was also prominently
observed for this parameter (tables 1 and 2). The capacitances
were consistently higher for the cancer cell lines in com-
parison to their normal counterparts. The differences were
small for WB-F344 and WB-ras cells, which is ostensibly
explained by their very close relationship, considering that in
principle differences are only due to a particular artificially
selected genetic mutation. Conversely, the difference between
the normal HaCat skin cells and the genuine Sk-Mel-28 mela-
noma cells was with a difference of two orders of magnitude
much more pronounced.

Distinctively higher membrane capacitance for cancer cells
was also reported by Mulhall et al [41], who compared the
effective cell membrane capacitance Cog for oral cancer cells,
pre-cancer cells, and normal keratinocytes. However. it should
be remembered. that in our study, cell membrane capacities
were not determined directly and that the parameter C,, was
derived from impedance spectra for the entire monolayer.
Large gaps in the extracellular space of Sk-Mel-28 cell mono-
layers, that are filled with medium with higher dielectric con-
stant, are expected to be contributing accordingly. Conversely,
a highly irregular organization of cells is known as a specific
characteristic for tumor tissues and therefore will likely be
presented in the parameter Cy, in a similar fashion.

An analogous contribution to the overall capacitance might
also arise for a high degree of permeabilization by pulsed
electric field exposures, which causes medium to be incorpo-
rated in conductive membrane channels at least temporarily
and correspondingly change membrane permeabilities [37].
Consequently, a distinction of normal from cancer cells based
on values for the capacitances should be considered very care-
fully at least for monolayers (or tissues) treated by pulsed
electric fields. Altogether the temporal evolution of T appears
to be a better and more direct accessible parameter for the
evaluation of nsPEF-effects (figures 3(c). 4(c). 5(c) and 6{c))

4.4. Discrimination between untreated normal and cancer
cells by PCA

PCA provides a different way for the organization and anal-
ysis of the data that were obtained from impedance spectra.
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The strength of the method is to exclude redundant informa-
tion that is contained for different frequencies by deriving lin-
early independent variables (principal components) that might
allow an alternative view to distinguish the most important
criteria that are responsible for a particular result from less
relevant contributions.

The PCA score plot for the phase spectra of untreated cell
monolayers for different cell lines showed well-differentiated
ellipsoidal envelopes indicating that each cell line can be
discriminated. The separation between spheres inside of an
ellipsoid illustrates the dispersion of the measurements for an
individual cell line {figure 2).

A principal component can be expressed by a linear combi-
nation of variahles with respective coefficients that are called
loadings. The magnitudes of the loadings represent the weight
of each variable. Consequently, contributions for frequen-
cies with larger loadings are more important. The loadings as
a function of frequency for the first three PCs are shown in
figure S3 (SI). PC1 has larger loadings for middle frequencies
from 1.4kHz to 562.3kHz with a peak at 6kHz. In contrast,
peaks that were found for PC2 and PC3 at 3kHz and 150kHz
were subsequently ignored due to their small contribution to
the overall variance.

In general. PCA is difficult to link with physiological prop-
erties of the cells or physical characteristics. However. often
an instructive interpretation can still be found for the principal
components. For the most important principal component,
PC1, the impedance spectrum for the respective frequency
range was determined by properties of the cell monolayer.
In particular, the extracellular resistance R,,, which is domi-
nated by cell-cell connections, was the determining salient
feature when comparing cell lines. Moreover, the influence
of electrode polarization has been inherently avoided since
its impact on phase is generally decreasing as the frequency
is increasing. Consequently. it can be omitted for frequencies
higher than 1 kHz.

In contrast, the PCA score plot for the magnitude |Z] for
untreated cell lines did not discriminate variances between
normal and cancer cell monolayers (figure S2 (SI)). This may
be explained by the loading spectra shown in figure S4 (SI),
i.e. the PCA loadings of the main two PCs as a function of
frequency for the magnitude 1Z1. Obviously, PC1 accounted
for the lower frequencies (< 1 kHz), where electrode polariza-
tion dominated the impedance spectra. As shown in tables S1
and §2 (SI), no significant differences could be found for the
contributions due to electrode polarization for untreated cells.
Consequently, electrode polarization may be the reason why
the PCA score plot for IZ] could not discriminate variances
between normal and cancer cell monolayers.

4.5. Discrimination between nsPEF-treated normal
and cancer cells by PCA

PCA score plots and loading spectra for the phase of imped-
ance spectra for each cell line are presented in figure 85 (SI).
The variances were calculated from the impedance spectra of
cell monolayers for untreated, and for exposed monolayers,

10

1 min and 30 min after treatment with 24 pulses. (A number of
24 pulses had led to the most obvious changes of Cole param-
eters for these two time points.)

Similar to the results for changes of Cole parameters, the
scores for WB-F344, WB-ras, and Sk-Mel-28 cells were dis-
tinctively different 30 min after treatments in comparison to
results at | min after treatment and compared to untreated
cells. For later times were the distributions too similar to be
discriminated by PCA. A likewise more indistinguishable dis-
tribution was also observed for HaCat cells, however, scores
for untreated cells and for cells | min after exposure are fur-
ther apart than for the other cell lines. This confirms the find-
ings for changes of Cole parameters for HaCat cells as shown
in figure 5, with Cole parameters changing more obviously
I min after exposures than for other cell lines.

The corresponding loading spectra for PC1, according to
figure S4 (SI), suggests an important frequency range for the
monolayer development after exposures from several kHz to
hundreds of kHz for WB-F344, WB-ras and Sk-Mel-28 cell
monolayers. The frequencies for the peaks are found at 2kHz,
6kHz, and 14 kHz. respectively. Conversely, peaks were found
at | kHz and 60kHz for HaCat cell monolayers. The peaks at
lower frequency for normal cells suggest that PEF-effects are
rather reflected by the response at lower frequencies in com-
parison to cancer cells.

In conclusion, the PCA confirms trends and observations
that were already derived from changes of Cole parameters.
In general, PCA requires large data sets and in this case the
analysis of Cole parameters might be more convenient for an
assessment of effects. However, PCA. in addition, offers the
possibility to identify in particular outliers, which is helpful
for any experimental design.

5. Conclusion

The investigation of cells in a monolayer is another step
towards the conceivable application of impedance analysis on
tissues in vive. Normal cells could be clearly distinguished
from cancer cells in laboratory experiments but more studies
and developments are necessary before the method can be
successful in clinical settings the effects of pulsed electric
field treatments could already be evaluated from impedance
spectra through Cole parameters and PCA. Different values
and respective changes with time for electrical characteristics
were not just found between inherently different cells from
different organs but also for very similar normal and cancer
cells from the same primary tissue, e.g. liver or skin. However,
the overall analysis remains challenging, especially for expo-
sures to pulsed electric fields, since different phenomena con-
tribute simultaneously to the underlying impedance spectra
and as a consequence are superimposed in the derived Cole
parameters. To separate electroporation-effects, an EBIS mea-
surement system with a higher temporal resolution and an
improved equivalent circuit model need to be developed.

A PCA that is conducted in addition can, therefore, pro-
vide important additional information and decision criteria
for therapies. Nevertheless, the study, in particular, suggests
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that the extracellular resistance of cell monolayers does play
a vital role for the discrimination of cell lines and monitoring
of nsPEF-effects. In the future, this might present a way o
predict the success of such treatments already within the first
hours after exposures.
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Abstract

A universal strategy for the sensitive investigation of cell responses to external stimuli, in particular
nanosecond pulsed electric fields (nsPEFs), was developed based on electrical impedance spectroscopy
(EIS) in combination with a multi-peak analysis for the distribution of relaxation times (DRT). The
DRT method provides high resolution for the identification of different polarization processes without
a priori assumptions, as they are needed by more conventional approaches, such as an evaluation by
equivalent circuit models. Accordingly, the physical properties of cells and their changes due to
external stimuli can be uncovered and visualized. Relaxation processes at about 100 kHz are associated
with cell membrane characteristics and dominate respective changes of the distribution function for
epithelial cell monolayers after exposure. A relatively moderate evolution at about 10 kHz may
represent the polarization of extracellular matrices. Relaxation processes at around 1 MHz are
suggested to be associated with intracellular changes. Conversely, the distribution of relaxation times
can aid the optimization of the experimental design with respect to intended responses by an external
stimulus.

Keywords: Electrical impedance spectroscopy, nanosecond pulsed electric fields, distribution of
relaxation times, multi-peak analysis, Gaussian functions

1 Introduction

Electrical impedance spectroscopy (EIS) has been widely used to investigate the interactions of electric
fields with biological materials due to advantages including non-invasiveness, sensitivity, being label-
free and providing a real-time analysis (Garcia-Sanchez et al. 2018). The information on cells is
contained in the complex impedance Z = Z’ + iZ"" as a function of applied AC signals of different
frequencies. A conventional impedance analysis is mostly based on graphical representations of the
complex impedance in conjunction with equivalent circuit models, in which each circuit element
represents a physical characteristic (Huang et al. 2016; Lvovich 2012). However, both approaches
perform poorly in distinguishing close relaxation processes (McAdams and Jossinet 1996). In particular,
equivalent circuit models are circumspect since they depend on a priori knowledge of physical or
chemical systems. Moreover, different equivalent circuit models can be suitable to describe an
impedance spectrum, resulting in ambiguities with respect to their physical meaning (Effat and Ciucci
2017).

Approach and description for the assessment of distinct and possibly different responses on cellular
constituents by external stimuli have also to include stimulation methods and systems. Only exposure
conditions, which result in reproducible observations, can unmistakably be associated with respective
effects and mechanisms. Accordingly, we have used EIS in our previous work to study cell responses
after exposure to nanosecond pulsed electric fields (nsPEFs) by means of a Cole model (Shi et al.
2019a). The original interest in the study of nsPEF-exposures is motivated by their potential for tumor
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ablation (Dalmay et al. 2011; Nuccitelli et al. 2015). Cole parameters together with
immunofluorescence staining successfully exhibited an increase in cell membrane permeabilities and
the disruption of cell-cell connections. However, drawbacks of the Cole model included rather large
errors for individual Cole parameters that were derived from repetitive measurements on the same
specimen. Moreover and as already mentioned, the physical interpretation of the results strongly
depends on the underlying model. Therefore, we evaluated the data in addition by a multivariate
analysis, i.e. principal component analysis (PCA), to differentiate normal and cancer cells and the
responses of normal and cancer cells after exposures (Shi et al. 2019b). However, PCA is primarily a
method based on statistics, that ideally relies on a large number of samples and measurements and also
lacks direct biophysical meaning (Czolkos et al. 2016). Although efforts have been made to guide the
physical interpretation of the analysis (Zagar and Krizaj 2008), frequency dependent relaxation
mechanisms of cell and tissue constituents can so far not be well extracted.

Conversely, relaxation times and amplitudes represent the dynamics of an electrophysiological system
directly. Unfortunately, different relaxation processes are often superimposed in the impedance
spectrum for a given frequency and the derivation of respective relaxation times and amplitudes is not
possible or at least not straightforward. However, especially in the last decade progress has been made
on the derivation of relaxation distributions from the deconvolution of electrical impedance spectra.
This distribution of relaxation times (DRT) has since gained increasing attention (Ramirez-Chavarria et
al. 2018; Schichlein et al. 2002) and proven its strength in electrochemical studies to distinguish
relaxation processes directly from the experimental impedance spectrum without a priori assumptions
(Ivers-Tiffee and Weber 2017). Underlying polarization processes can be differentiated from the
individual peaks in the plot of the distribution function. Hence, DRT is a model-free and universal
approach for a sensitive, visual and detailed analysis of EIS. However, to the best of our knowledge,
this approach has not been applied towards the analysis of the exposure of cells, in particular for the
evaluation of electrical stimuli.

Another unavoidable problem in EIS is electrode polarization, which restricts the deconvolution of
impedance spectra. In our study, we accounted for electrode polarization by subtracting an impedance
spectrum for only the medium from impedance spectra with cells and then derived the DRT for cells by
means of an algorithm based on the Tikhonov regularization (Effat and Ciucci 2017; Wan et al. 2015).
Individual polarization processes were quantified by a multi-peak analysis using a series of Gaussian
functions. A comparison of the method with our previously published assessment of pulsed electric
field effects on cells by either a Cole model or multivariate analysis, eventually points out the
additional information that can be obtained by this approach.

2 Material and Methods

2.1 The Workflow

The different steps for the developed analysis are shown in Fig.1. First, the impedance spectrum for the
cell monolayer was corrected to exclude electrode polarization. This was done by subtracting
impedance spectra that were obtained only for media, i.e. without cells, from impedances spectra for
the actual measurements with cells. A Kramers-Kronig relation test of the real part and the imaginary
part of the impedance spectrum was constructed before the data was considered valid for the
calculation of the distribution of relaxation times. Subsequently, the DRT was verified by comparing
the reconstructed impedance spectra with the measured impedance spectra. Eventually, individual
relaxation mechanisms were distinguished by means of a multi-peak analysis. A detailed description of
the pertinent procedures is presented in the following sections.
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Fig. 1. Flowchart of DRT and multi-peak analysis for processing of measured impedance
spectra. After the contribution of electrode polarization was accounted for, impedance spectra
were analyzed and validated by a Kramers-Kroning relation test (Lin-KK) before the DRT was
derived. From the distribution, the measured impedance spectra could be reconstructed. A

multi-peak analysis with Gaussian function was the basis for the interpretation of the relaxation
processes that were identified in the DRT.

2.2 Distribution of Relaxation Times (DRT)

The development of the DRT method relies on the basic principle that an impedance spectrum can be
represented by an infinite sum of different time constants. This approach is intuitive since most
electrochemical processes are in fact relaxation processes (Effat and Ciucci 2017). When frequency
data is collected on a logarithmic scale, the equivalent impedance for specific frequencies, £, i.e. Zprr(f),
can then be expressed as a function of their distribution:

e l .1
Lot () = Ra+ | Thpr=d(ine) -1

where R, describes the resistance at infinite frequency. For the analysis, the actual distribution function,
7(Int) needs to be derived to describe the multiple relaxation times (t = f~1) that are underlying the
impedance spectrum that was determined. However, fitting eq.1 is an intrinsically ill-posed problem.
Therefore, an approximation of y(Int) is commonly obtained by a Tikhonov regularization approach
(Wan et al. 2015). The distribution function y(Int) is hereby discretized by a series of radial basis
functions (RBFs), Y(1):

Al (eq-2)
y(Int) = Z Kk, P(x)
n=1
where «;, describes the amplitude of the associated RBF with the argument x=|Int —Int,|. The
parameter 7,, indicates the center of the RBF. There are various options for the choice of RBFs to



approximate a DRT. Here we decided on Gaussian functions, G(x), as suggested by Ramirez-Chavarria
et al., due to the modifiable broad of the kernel, which gave a better resolution for the fitting of
experimentally determined impedance data in comparison to Dirac distributions (Ramirez-Chavarria et

al. 2018):

G(x) = exp(—u(0)*) (eq.3)

with the parameter p as specific shape factor, determined by the full width at half maximum (FWHM)
of the RBF. Accordingly, the impedance, Zpg1(f), as described by eq. 1, can be rewritten by combing
eq. 2 and eq. 3, resulting in eq. 4:

Gl (eq.4)
Zowt ) =Rat Y. o[ Tiaarrdt =Rt Zogy) +iZ' ()

Z'prr and Z" o describe the real and imaginary part of the reconstructed impedance, respectively.
Eq.4 can also be expressed in matrix notation by Zpgr = R, 1 + Z'ppy + Z" pgr, with the unit vector 1.
Accordingly, a cost function A(k) for regularized least squares for the fit of calculated values of
Zprr(f) with experimental values Z..,(f) can be obtained:

AG) = Rl + Z'ppr — Z x| + 12”081 — 2" exp||” + AUILXII2 (eq. 5)

with the column vector k which needs to be determined by minimizing A(x). The penalty to prevent
overfitting is given by A||LX||? with the regularization factor A and ||LX||? being proportional to the

a2y || >
dZInt

norm of the second derivative of y(1), i.e.,

Eventually, a reconstructed impedance spectrum is obtained from the derived DRT (Schichlein et al.
2002):

Z =il +i i S
oar(f) = Res 41+ i2nft,
n=

The difference between the reconstructed impedance and measured impedance was evaluated by the
normalized root mean square error (NRMSE, r°) to return optimal values of the shape factor u and
regularization factor A when 1’ is at a maximum. The initial range of each factor was decided according

Algorithm 1 Derivation of the Distribution of Relaxation Times.

Input:
1. Experimental impedance Z.is = [f;, Zieits> Zeezs ], 1 =1, 2...N;
Output: find the optimal values of shape factor and regularization factor.
2. Discretize y(Int) with Gaussian functions;
3. Minimize the cost function A(k)
4. Reconstruct impedance Zpg
5. Calculate the goodness of fit, I, between Z; and Zprr by NRMSE
6.for p € [0,3] and A € [1077,1071] do:
steps 1 to 3
y(Int) < argmax(r?)
7. end
8. return y(Int)

to experience and references. The complete process is summarized in Algorithm 1.

2.3 Electrical Impedance Spectroscopy of Biological Cell Monolayers

For this study, the evaluation of impedance information for and about biological cells by DRT-analysis



was developed and verified for the reliable induction of defined changes by nanosecond pulsed electric
fields. Therefore, electrical impedance spectra of rat liver epithelial WB-F344 cell monolayers were
recorded before and after exposure to 100-ns pulsed electric fields with a mean electric field strength of
20 kV/cm. Details on experimental setup and procedures can be found in elsewhere (Shi et al. 2019a).
In brief, impedance spectra were obtained with an impedance analyzer (Agilent 4294A, Keysight
Technologies, Inc., USA) from 100 Hz to 10 MHz for confluent cell monolayers that were grown on
ECIS-8W20idf electrode arrays (Applied Biophysics, Inc., NY, USA). In addition to the impedance
measurements, pulsed electric fields of 100-ns duration were applied to the same electrode array by a
custom-made transmission line pulse generator. Applied voltage pulses were monitored on a fast
oscilloscope (TDS3054, Tektronix, Beaverton, OR), connected with a high voltage probe (P5100A,
Tektronix, Beaverton, OR). Previously, changes in dielectric characteristics were derived from
impedance spectra for 8, 20 or 60 consecutive voltage pulses that were applied with a repetition rate of
1 Hz. In the present work, the DRT-analysis is in particular applied towards the analysis of treatments
with 60 pulses, which were difficult to interpret by the conventional approach of an equivalent circuit
model due to different biological effects, such as reversible and irreversible electroporation and cell
death.

Impedance measurements on biological cells are generally conducted with a two-electrode system
(such as aforementioned ECIS-8W20idf electrode arrays) which, however, suffer from electrode
polarization. Electrode polarization has to be described by a non-ideal capacitance resulting in a very
large impedance. This relative strong polarization will dominate the distribution of relaxation times,
causing poor DRT estimates for cells. Therefore, the impedance, Z,c4ium, Was recorded for electrode
systems that were only covered with cell culture medium, which was then subtracted from any
measurements with cells, Z,,..q0 t0 account for the influence of electrode polarization on the results
for the impedances of the actual cells, Z..;;,, according to eq. 7.

Zees = Zmeasured™ Zmedium (eq. 7)

The analysis was ultimately conducted for values of Z_,,;; obtained for frequencies above 3.3 kHz,
since measurements at lower frequencies were prone to strongly fluctuating results.

The Kramers-Kronig relation between the real and imaginary parts of the impedance, Z,.;,, was tested
by the approach and algorithm (i.e. Lin-KK) developed by the group of E. Ivers-Tiffée (Schonleber et
al. 2014). A measured spectrum is considered to be valid, as long as the relative discrepancy between
the measured spectrum and the impedance spectrum reconstructed from Kramers-Kronig test is less
than 1%. The respective residuals are presented in Fig. A1 (Appendix) and smaller than 1%, in
particular the discrepancy below 3 MHz is smaller than 0.5%, suggesting the system fulfills the
fundamental demands of EIS, i.e. linearity, causality and time invariance. Mean values for Z,.;, as
input for algorithm 1, i.e. the derivation of DRT, were calculated from at least three independent
experiments.

2.4 Multi-peak Analysis

In order to separate polarization processes, a multi-peak analysis was performed by fitting the
distribution function, y(Int), by a series of Gaussian functions, G; (i = 0,1,..., M), according to eq. &:

A; .8
Gi(1) = ——el-C-m?120%] j = 01 ..M (eq. 8)

o2

A; describes the amplitude of G;(t)with respect to the peak, i.e. height, of the function according to
A
hi = & mA
parameter o; is related to the full-width-half-maximum (FWHM) of the profile of G;(t) according to
20;¥2In2. A Gaussian distribution is considered a good default choice in the absence of prior
knowledge about the system (Goodfellow et al. 2016). The number of the peaks of the DRT was found
by a function provided by a python library, i.e. scipy (find_peaks_cwt). The fitting is conducted with
non-linear least-squares, i.e. minimize, that are included in a python package Imfit. The success of the
fitting was confirmed by maximizing the goodness of fit (1*) between the reconstructed impedance

The characteristic time 1, determines the center relaxation time of the peak and the



spectrum and measured impedance, Z ;.

3 Results and Discussion

3.1 Distribution of Relaxation Times of WB-F344 Cell Monolayers

The distribution function was constructed with the optimal values p = 1.78 and A= 102 for
impedance spectra from 3.3 kHz to 10 MHz. We also conducted a real and imaginary cross-validation
test as suggested by Saccoccio and Ciucci (Saccoccio et al. 2014), which is computationally heavy, and
got the same values for p and A. Fig. 2 shows the discrepancies between the respective real and
imaginary parts of Zppt and Z ., exhibiting a good agreement between measured and reconstructed
spectra (r>>0.98 by NRMSE). Discrepancies for both imaginary and real parts differed by less than 5%,
except for the impedance spectrum at a frequency above 3 MHz. The fast-increasing residual with
higher frequencies presumably resulted from increasingly more significant inductive contributions.
This assumption is consistent with the abovementioned relatively large residuals according to the Lin-
KK test for the high frequency tail (>0.5% above 3 MHz). The same behavior was also found by Hahn
et al. (Hahn et al. 2019) in support of the suggestion that an inductive component leads to serious
problems for the correct calculation of the DRT (Ivers-Tiffee and Weber 2017). Therefore, the upper
frequency limit was set at 3 MHz for the analysis. The corresponding relaxation times lie within a
range from 0.33 ps to 100 ps.
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Fig. 2. Comparison of the reconstructed impedance Zpgrr and the originally measured cell
impedance Z.;s, shown as a Nyquist plot (a), and discrepancies between the real and imaginary
parts of Zprt and Zy,, as described by the respective residuals (b).

The DRT for cells before nsPEF-exposure are shown in Fig. 3(a) and exhibited several peaks with the
most prominent peak found for a relaxation time of 2.86 us and a second peak for 84.37 pus. The
different profiles displayed in Fig. 3(b) describe the temporal evolution of DRTs after exposure. The
individual DRT curves reveal obvious time-dependent changes. A significant shift of the highest peak
towards longer relaxation times emerged 1 min after exposure. The magnitude of the highest peak kept
decreasing until 1 h after exposure before values started to increase again. Concurrently, the highest
peak moved gradually back to shorter relaxation times. Profiles, including peak position and magnitude,
were eventually similar to pre-treatment results again after 24 h, indicating a healing process of the cell
monolayer, i.e., adjacent living cells have presumably slowly migrated into the gaps left by cells that
did not survive the exposure.
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Fig. 3. Distribution of relaxation times (DRT) as described by the distribution function y(t) for
a not exposed (pre-treated) cell monolayer (a) and for the temporal evolution before and after
exposure to 60 electric field pulses of 100 ns and 20 kV/cm (b).

3.2 Multi Peak Analysis of the Distribution of Relaxation Times

In order to analyze the changes of the distribution function y(t) after exposure, generally two and

sometimes three Gaussian functions G;(7) (i = 0,1,2) were needed to fit the distribution function. The
vicinal polarization processes described in the distribution function could be clearly distinguished by
the Gaussian functions as shown in Fig. 4. The presented results for cells before treatment (pre-treated)
as well as for cells 1 min, 1 h, 3h, 7 h, and 24 h after exposure were chosen based on the respective
profiles for these times according to Fig. 3(b) and based on the observation that these distribution
functions provided the most significant distinction. An intuitive conclusion is that G, (t) dominated the
changes in the temporal evolution of y(t).

A drastic change of the shape of the distribution function that was observed within 1 min after exposure
(cf. Fig. 4(a) and Fig. 4(b)), in particular, for the peak of G () shifting from 2.89 us to a longer
relaxation time of 15.07 ps, associated with half of the height of the foregoing peak. In contrast, the
peak of G, () showed almost no changes, i.e. only a minor shift of relaxation time from 82.4 ps to
85.2 us. The height of the peak for G, (t) for treatments 1 h after exposure was even lower and only

one-fortieth of the pre-treatment value before it increased again during the subsequent recovery of the
monolayer within 24 hours.

Only for 1 h, 3 h, 5h, and 7 h after exposure, a small additional dispersion was notable, corresponding
to a very short relaxation time (on the order of 1 ps). Accordingly, a third Gaussian function, (G, (1)),
was required for a correct fit of the respective DRTs. The dispersion first appeared for the lower
boundary (0.33 ps) of relaxation times at 1 h after exposure and then moved to a longer relaxation time
(2.03 ps) within 3 hours after exposure. Afterwards, it moved back to a shorter relaxation time again
and eventually outside the defined lower frequency limit for the analysis till 7 h after exposure.
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Fig. 4. Multi-peaks analysis for cells before treatment and 1 min, 1h, 3h and 7 h after

exposure to 60 electric field pulses of 100ns and 20kV/em. Two Gaussian

functions, G, (1), G, (t), were used to fit the DRT for pre-treated cells (a) and cell monolayers
1 min after exposure (b). For cell monolayers analyzed 1 h (c¢) and 3 h (d) and 7 h (e) after
exposure an additional Gaussian function, G,(7), needed be included to describe the DRT.
However, for 7 h the third Gaussian function is not presented in the figure since its peak is
found just outside the lower relaxation time limit, defined for the analysis, and therefore a
significant deviation between the DRT for the experimental impedance, Z.,, and the fitted
DRT could be observed during relaxation times of less than 1 ps. The DRT for cell
monolayers, 24 h after exposure, recovered to be similar to the DRT for pre-treated cells (f).

The important information on each polarization process in the cell monolayer is comprised of center
relaxation times, m;, (or respective frequencies), characteristic amplitudes, A;, and the shape of the
dispersion, in particular the width, i.e. FWHM;, of the descriptive functions (Hahn et al. 2019;
Schichlein et al. 2002; Teyssedre et al. 1996). For the chosen analysis, these parameters and their
temporal evolution determined the specific Gaussian functions ( Gy(7),G;(7),G,(7)) and the



respective values for the different parameters are displayed in Fig. 5.

Center relaxation times (cf. Fig. 5(a)) were determined for 1y of about 100 ps, for n, of about 10 ps and
for n, of about 1 ps (or corresponding frequencies of 10 kHz, 100 kHz and 1 MHz). The center
relaxation time, ny, of G, (7) experienced a relatively slow decrease from 82.43 ps to 50.04 ps within
10 min after exposure followed by an increase up to 104.43 ps until 3 h after exposure and another
subsequent decrease down to 35.21 ps for 7 h after exposure; a value which did not change for later
times any more.

In contrast, the center relaxation time of G, (7) increased drastically from 2.89 ps to 15.07 ps within
1 min after exposure. During the following 20 minutes, 1, decreased further to 2.33 ps. Afterwards, the
development of 1; followed the same trend as was observed for n but with more pronounced relative
changes. Values increased up to 26.34 ps for cells 3 h after exposure. As mentioned above, a third
Gaussian function, G,(7), was only necessary to describe the DRT for cells within 1 h to 7 h after
exposure. The respective changes and trends resembled the development for G, (7).

Fig. 5(b) exhibits the temporal evolution of the amplitudes A;. The amplitude A, decreased gently from
values of 134.81 Q to 58.85 Q within 1 h after exposure, followed by an increase up to 125.48 Q within
3 h after exposure. Afterwards, A, decreased again and went eventually down to 75.85 Q within 24 h
after exposure. In contrast, A, fell drastically from 270.14 Q to 12.25 Q within 1h after exposure.
Moreover, within 2 min after exposure the value of the amplitude was only half of that derived for pre-
treated cells. Afterwards, a monotonic increase of A; can be observed and a steady state was reached at
10 h after exposure. The values for A, were altogether much smaller than for the other amplitudes and
increased from 0.82 Q for 1h after exposure to 15.24 Q for 5h after exposure, which was then
followed by amplitudes that decreased to 9.05 Q at 7 h after exposure.

The FWHMs for each Gaussian function showed changes that were similar to the development of the
center relaxation times. FWHM, remained rather stable until 5 h after exposure and then decreased to
one-fifth of the initial value within the next 19 hours. FWHM, immediately increased significantly
from the initial value of 7.77 ps to 128.73 pus within 1 min after exposure. This was followed by a
gradual decline with some fluctuations until values for FWHM, were comparable again to the initial
values at about 10 h after exposure. FWHM, also showed some changes, however, an interpretation is
presumably meaningless since the changes are related to a dispersion outside the bounds for the
frequency range that was determined of the analysis (as described above) and furthermore only
observed 1 hand 7 h after exposure.
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Fig. 5. Temporal evolution of the parameters that define the Gaussian functions, Gi(7) (i=1, 2,
3), describing the DRT, i.e. center relaxation time 7;, (a), amplitude 4; (b) and FWHM,; (c).
The values were determined for the peaks of each Gaussian function and evaluated by a multi-
peak analysis.

3.3 Biological Interpretation of the DRT

Generally, a well-separated peak in the DRT corresponds to a specific polarization process. For the
analysis so far, the calculated distribution functions had been differentiated by a multi-peak analysis
into several domains. The complexity and lack of prior knowledge on many of the potential
mechanisms that are associated with complex biological systems poses the risk of mistakes in the
interpretation of the descriptive Gaussian functions. However, valuable conclusions on dispersion
mechanisms can be drawn based on previous findings, especially by Kuang and Nelson as well as
Schwan (Kuang and Nelson 1998; Schwan 1994).

Schwan found that the dielectric dispersion of biological matter can be divided into three distinct
regimes, i.e. o-, B- and y-dispersion, that are based on different prominent relaxation processes. The
first one, a-dispersion, is usually dominant for frequencies below a few kHz and is associated with the
polarization of a counterion layer (electrical double layer) at charged surfaces. In the B-dispersion
regime, cellular and intercellular membranes are dominating the response in the range from tens of kHz
to tens of MHz due to a membrane charging effect, i.e. Maxwell-Wagner effect. For the highest
frequencies above 100 MHz, y-dispersion results from the polarization of small molecules, including
water.

The Gaussian function G, (7)is presumably directly related to membrane relaxation processes. Changes
of the amplitude A, agree with the equivalent evaluation of a simplified two-layer model with a single-
time dispersion as described by Kuang and Nelson (Kuang and Nelson 1998). This model (eq. Al and
A2 in Appendix A) indicates that the magnitude of this dispersion is inverse proportional to the relative
area of ions passing through the membrane. Therefore, an increase of this relative area due to
membrane permeabilization, e.g. after exposure to nsPEFs, may correspond to the decrease of A;.



However, the large continuous decline of A, observed even 1 h after exposure (Fig. 5(b)) resulted more
likely from disrupted cells, associated with a complete loss of membrane integrity of dead cells also in
addition to irreversibly electroporated cells.

Respective relaxation times have been revealed to be also a function of cell microstructures and
changes superimposed in the impedance spectra by differences in membrane thicknesses and
contributions from the bulk electrolyte (eq. A2). The complicated interrelationship may be responsible
for the observed fluctuations of the center relaxation time 1, (Fig. 5(a)). Furthermore, the initial rapid
increase of FWHM, suggests a corresponding increase in the heterogeneity of the investigated cell
monolayer. Given the time scales for membrane permeabilization and the disruption of cell-cell
connections that was previously observed for the chosen exposure parameters (Shi et al. 2018), this
seems a reasonable and significant contribution.

Unfortunately, the interpretation of the contribution of the other two Gaussian functions is not as

evident or could be easily related to underlying biological processes. The function G, (1), associated
with lower relaxation frequencies (around 10 kHz), may conceivably be related to characteristics of the
extracellular matrix. WB-F344 cells are tightly bound together in monolayers to form an epithelial cell
sheet that is expressing a scanty extracellular matrix and is therefore prone to only a minor dispersion.
Accordingly, no significant changes of the extracellular matrix and corresponding changes of Gy(t)

have been observed after exposure. Conversely, the function G, (7), which contributed to the DRT for
the pre-treated cell monolayer at higher frequencies (around 3 MHz) may be related to the dispersion of
intracellular membranes, such as of organelles or the nucleus. However, future measurement at higher
frequencies with reduced inductive contributions are needed to investigate this assumption in more
detail.

In comparison to the analysis of impedance spectra by a Cole model for cell monolayers that were
exposed to nanosecond pulsed electric fields, the previously identified sole main dispersion mechanism
(Shi et al. 2019a) could now be related to actually up to three different superimposed processes that
were represented in the DRT by three distinct Gaussian functions. Accordingly, DRT provides a much
more detailed evaluation, i.e. finer view.

The peak and FWHM of DRT for the Cole model could then be evaluated by an analytical solution
(Wan et al. 2015), which resulted in center relaxation time of 3.3 us and FWHM of 9.2 ps for the pre-
treated cell monolayer. This peak is close to the center relaxation time 1, = 2.89 ps of the Gaussian
function G; (7). The FWHM of the DRT corresponding to the Cole model is a little larger than
FWHM, = 7.8 ps, The larger value for the Cole model is a consequence of the actual representation of
characteristic time constants, i.e. the calculation of a mean value from different relaxation time
constants, which results in an actual superposition of different dispersions that could not be separated
by this approach — unlike it is possible by the DRT-analysis. Accordingly, the amplitude of G; (t) from
Smin to 3 h after exposure, as shown in in Fig. 5(b), exhibited a large decrease, suggesting the
contribution of the respective relaxation process to the overall relaxation characteristics becoming
smaller and comparable to other contributing dispersions. This might explain the difficulty for fitting
the impedance measurements with a Cole model. At least a more sophisticated equivalent circuit model
with additional elements, including missing polarization processes, seems required for a more accurate
physical description by a Cole model.

An alternative approach to describe the influence of different dispersion processes on impedance
spectra is provided by a principal component analysis (PCA) (Shi et al. 2019b). Some important
frequency ranges for the differentiation of different cell types and responses after exposure to nsPEFs
could be discriminated by this method. However, the respective principle components are rather
difficult to relate to actual physical mechanisms. The first principal component, P1, included mostly
contributions from the low frequency range at around 6 kHz. This value is very close to the frequency
corresponding to the center relaxation time, 1, for Go(7). Given the interpretation of the equivalent
process, this may confirm the assumed representation of the extracellular matrix in the DRT. The
largest loading for the second principal component, P2, was found for a frequency close to the
frequency that is associated with the peak of G, (7), suggesting P2 was rather related with relaxation
processes of cell membranes. The reason why the value of P1 is larger than P2 cannot be determined



unambiguously due to the larger lower limit of 3.3 kHz of the frequency range defined for the DRT-
analysis in comparison to the limit for the PCA-analysis of 100 Hz.

4 Summary and Conclusion

An ultrasensitive method for the identification of relaxation mechanisms of biological cells in a
monolayer has been established by means of a deconvolution of electrical impedance spectra. The
analysis, based on the distribution of relaxation times and a multi-peak fitting procedure, revealed
details of different polarization mechanisms that could not be distinguished by a Cole analysis.
However, deconvolution of the DRT is not a trivial task. A successful solution strongly depends on the
reduction of noise and uncertainties in the data and a sufficient number of experimental data points. In
addition, the abstraction of electrode polarization contributions to the impedance needs to be assured
together with the absence of inductive contributions. Therefore, a workflow was established that
included an indispensable test of the Kramers-Kronig relation and a comparison with experimental
impedance data as shown in Fig. 1 and Algorithm 1. Furthermore, both the effect of electrode
polarization on the data at low frequencies and the influence of stray capacities and parasitic
inductances at higher frequencies should be minimized by a dedicated sensor design.

A particular strength of method and approach is to distinguish the effects of stimuli, in this case
nanosecond pulsed electric fields, which have demonstrated reliable and reproducible effects
previously (Shi et al. 2019a). Accordingly, three distinct and independent relaxation processes could be
determined in response to the exposure. The temporal evolution of the impedance spectrum obtained
for WB-F344 cell monolayers after exposure was dominated by the cell membrane interfacial
polarizations, as it was observed for frequencies of hundreds of kilohertz. Relaxation processes
distinguished for lower frequencies at around 10 kHz may be related to mechanisms affecting the
extracellular matrix instead. For the other end of the investigated frequency range, i.e. the MHz-range,
relaxation processes were more likely related to the response of subcellular organelles, including the
nucleus.

In general, the DRT-analysis is a model-free approach which provides high resolution and sensitivity
for the identification of different relaxation processes and requires neither a priori assumptions, such as
an equivalent circuit model, nor other prior knowledge of the system. As such, the method can
decidedly help to optimize the experimental design for bioimpedance measurements in general and the
development of dedicated biosensors in particular.
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Equations of the simplified two-layer model:

[(1—9)e, +seplty, + epth, (eq. Al)
a,(sty + ty,)

T=g

_ Erzn (1 - S)Z(tb + tm)tbtm (ECI- A2)
{1 — k)&, + seplty + Exty}(sty + ty)?

Ae

where s is the relative area for ion passages, &, is the permittivity of vacuum, &, and &, are relative
permittivity for the membrane and bulk electrolyte, t,, and t, describe the thickness of the membrane
and the bulk electrolyte, respectively. Ae and T are the increment of permittivity and the single
relaxation time.
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