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Abstract

The aim of this work was to develop and evaluate a titanium-dioxide coated im-
plantable biosensor for assesing transplant rejection in order to overcome limitations
of the state of the art rejection monitoring method. This novel method is based on
established contactless bioimpedance sensing to detect tissue changes during the
early rejection process. The sensor is implemented at the time of transplant and
allows a continuous monitoring with the use of state of the art wireless data transfer.
It was demonstrated that our sensor with an electrically insulating titanium dioxide
passivation layer in a tetrapolar setup was able to sense morphological changes that
may occur during the process of organ rejection. As a proof of concept, whole chicken
heart tissue samples were monitored during various degradation processes. The
amount of decrease in reactance at a frequency of 5 kHz may be a straightforward
and effective method to detect and monitor acute and chronic cardiac allograft re-
jection without any additional surgical invasive treatment. This work hopes to offer
a first insight in bioimpedance based cardiac graft rejection monitoring and thus
make a small contribution to developing an implantable biosensor, that might replace

endomyocardial biopsies permanently.

Keywords: Passivated Tissue Impedance Spectroscopy, Cardiac Graft Rejection, Non-

invasive Monitoring, Biomedical Instrumentation



Zusammenfassung

Das Ziel dieser Arbeit war es einen Titandioxid beschichteten implantierbaren Biosen-
sor fiir die Uberwachung von AbstoRungsreaktionen im Herzgewebe zu entwickeln,
um die aktuelle Methodik der Uberwachung nach Stand der Technik zu verbessern.
Dieses neuartige Verfahren basiert auf einer etablierten kontaktlosen Bioimpedanz-
messung und versucht Gewebednderungen wédhrend der frithen Abstofung im Ge-
webe zu detektieren. Der Sensor soll zum Zeitpunkt der Operation implementiert
werden und erméglicht eine kontinuierliche Uberwachung des Transplantats mit
dem Einsatz von modernster drahtloser Dateniibertragung. Es wurde gezeigt, dass
morphologische Verdnderungen wéahrend der AbstolSung mithilfe eines durch Tita-
nium Dioxid passivierten Sensors, in einem tetrapolaren Aufbau detektiert werden
konnen. Eine Abnahme des imagindren Reaktanzsignals bei einer Frequenz von 5 kHz
scheint ohne zusitzliche chirurgisch-invasive Behandlung eine einfache und effektive
Methode fiir die Erkennung und Uberwachung von akuten und chronischen Herzab-
stoBungsreaktionen zu sein. Der Autor hofft mit dieser Arbeit einen ersten Einblick
in die bioimpedimetrische HerztransplantatabstofSungsiiberwachung zu bieten und
damit einen kleinen Beitrag zur Entwicklung eines implantierbaren Biosensors zu

leisten, der auf lange Sicht endomyikardiale Biopsien dauerhaft ersetzen kann.

Stichworter: Impedanzspektroskopie im Herzgewebe, TransplantabstolSung, Nicht-

invasive Patienteniiberwachung Monitoring, Biomedizinische Instrumente
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|§ Introduction

Heart failure is the largest cause of hospitalization and death in developed countries,
as shown in Figure 1.1 and Table 1.1 and one of the leading causes of disease burden
in developing countries [Johnson et al., 2014; Bui et al., 2011]. The reason for that
in many cases are beside congenital defects, factors that can be derived from an
unhealthy lifestyle such as stress, excess of weight, smoking and above-average alcohol
consumption [Nyberg et al., 2013]. For many of those patients, there is no other option
left, but to undergo a heart transplanta‘[ion1 [Christie et al., 2012]. As shown in Figure
1.2, since the early 1990s, the number of cardiac transplantation has plateaued to an

annual rate of about 4.000 surgical interventions per year2 [Lund et al., 2016].

Since the first human-to-human heart transplant operation was performed in 1967
by Christiaan Barnard at the Groote Schuur Hospital in Cape Town, the survival for

heart transplant patients has improved over time, mainly due to improved survival

Uat. transplantare = to graft, to relocate in a medical sense is the act of relocating cells, tissues, or
organs (e.g. heart, liver, kidney, lung or pancreas) from one donor to another or from a donor site to
another location on the same individuel to substitute or correcting the patient’s defective or lacking
organ and has been established as a routine medical treatment nowadays.

2The presented data includes only the heart transplants that are reported to the ISHLT Transplant
Registry. As such, the amount of heart transplant surgeries may be even higher (estimated 44 percent
higher) on a worldwide scale
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Figure 1.1: Percentage of deaths per 100,000 population in the United States in 2014 by leading
cause of death [Kochanek, 2016].

in the early post-transplant period and achievements in immunosupression agents
and antirejection medications [Barnard, 1967]. However, the first months following
surgery are still crucial to the patient’s healing process. Despite all the efforts of
modern medicine, heart graft rejection is still an important cause of death in patients
with cardiac transplantation. One particular difficulty for a successful therapy is that
the patient usually remains asymptomatic until a significant myocardial damage
results in heart failure so that about 19 percent of the recipients die within a year of
the operation. Thereafter the mortality rate stays constant, at about 4 percent a year
for the next 18 years, so that only about 30 percent of patients can expect to be alive

after 18 years [Lund et al., 2016].

The endomyocardial biopsy (EMB) is still the gold standard method of investigation
for both diagnosing and monitoring many primary and secondary cardiac conditions
and among other things to follow allograft rejections after heart transplantation. This
invasive procedure percutaneously obtains a sample of the myocardial tissue under

investigation, which then can be sent for histological examination. Although a safe



Table 1.1: Number of deaths and percentage of total deaths for the 15 leading causes of death
for the total population in 2014: United States [Kochanek, 2016].

Rank Cause of death Number %
All causes 2,626,418 100
1 Diseases of heart 614,348 23.4
2 Malignant neoplasms 591,700 22.5
3 Chronic lower respiratory diseases 147,101 5.6
4 Accidents (unintentional injuries) 135,928 5.2
5 Cerebrovascular diseases 133,103 5.1
6 Alzheimer’s disease 93,541 3.6
7 Diabetes mellitus 76,488 2.9
8 Influenza and pneumonia 55,227 2.1
9 Nephritis, nephrotic syndrome and nephrosis 48,146 1.8
10 Intentional self-harm (suicide) 42,826 1.6
11 Septicemia 38,940 1.5
12 Chronic liver disease and cirrhosis 38,170 1.5
13 Essential hypertension and hypertensive renal disease 30,221 1.2
14 Parkinson’s disease 26,150 1.0
15 Pneumonitis due to solids and liquids 18,792 0.7
All other causes 535,737 20.3

method?, endomyocardial biopsies are clearly associated with both a risk of procedu-
ral (e.g. hematoma, pneumothorax, hemothorax, cardiac perforation, arrhythmias,
and conduction abnormalities) and long-term complications [From et al., 2011]. On
the other hand, their unavoidable necessity after the first posttransplant year and
their frequency* early after surgery have already been questioned [Sethi et al., 1995;
White et al., 1995; Dandel et al., 2001]. Heart transplant patients undergo repeated
endomyocardial biopsy procedures during a prolonged period after surgery and are
therefore at even a higher risk of long-term complications of the biopsy (e.g. acute

rejection, infection, transplant vasculopathy, metabolic complications, renal insuffi-

3The rate of complication during endomyocardial biopsies is reported as less than 6% in most case
series [From et al., 2011].

4The frequency of surveillance biopsy varies among centers. In general, routine endomyocardial
biopsies are performed weekly for the first month, then every two weeks during the second month,
and increased to monthly through months 8 to 12. After one year, biopsies are done every four to six
months.
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Figure 1.2: Adult and pediatric heart transplants statistics. Selected years, 1982 trough 2012.
(a) The number of adult and pediatric heart transplants, by year and location (red: North
America, blue: Europe and green: others) and (b) Recipient age distribution (adult and
pediatric) by era (blue: 1982-1995, red: 1996-2005 and green: 2006-2013). Adapted from "The
registry of the international society for heart and lung transplantation: Thirty-first adult lung
and heart-lung transplant report - 2014; Focus theme: Retransplantation" by Lund et al. [2016],
Journal of Heart and Lung Transplantation 33, p. 998. Copyright 2014 by ISHLT.

ciency, bone diseases, and malignancy). Beside all the medical risk and a considerable
psychological strain on the part of patients, these procedures are also time and cost

demanding on the part of the health insurence and healthcare professionals [From

etal., 2011].

1.1 Motivation for Development

The importance and benefits of an early therapy to increase the chances of successfully
curing patients is unquestioned. To initiate a successful and cost-effective therapy
at the early stage, the diagnosis of a rejection must be made before clinical features
of cardiac failure occur. Time-resolved and continuous monitoring of implants is
vital for early detection and monitoring of events leading to graft rejection and failure.

During organ rejection several cellular and humoral processes take place over a pe-
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Figure 1.3: Schematic representation of an endomyocardial biopsy procedure. Source: may-
oclinic.org

riod of several weeks and months including inflammatory infiltrate of immune cells,
cardiac allograft vasculopathy and cytomegalovirus infection [Costello et al., 2013].
Early detection of structural changes in the myocardial tissue can therefore increase
the rate of implant success, since early drug administration can reduce morbidity
resulting from implant failure. For instance, Basiliximab and Daclizumabis are used
frequently to counteract the immune response during cellular rejection [Martin et al.,
2015]. Therefor, a full implantable device for continuous, long-term monitoring of
morphological changes in cardiac allografts would be a long-desired improvement in
transplantation medicine, since both direct costs to healthcare systems and indirect
costs to society through morbidity and lost productivity are enormous [Cook et al.,

2014; Kittleson et al., 2017].

Development in recent years has led to an overall increase in label-free technolo-
gies in biomedical research, where time-resolved measurements are used to quantify
phenotypic changes of cells and tissue by monitoring biomolecular interactions with-
out the drawbacks of conventional labelling technologies such as autofluorescent,

spatial-interference or quenching effects [Sticker et al., 2015]. Current biosensing
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Figure 1.4: This graph shows the num- Figure 1.5: Estimated past, present, and fu-
ber of publications with the keyword ture world market for biosensors. Adapted
'bioimpedance’ per year from 1979 to 2016. from "Biosensors: then and now" by Turner
The increase shows an exponential trend [2013]. Current year marked by a dashed line.
that will produce nearly 500 bioimpedance

publications per year by 2020.

technologies have become an integral part of everyday life, providing highly accurate,
sensitive diagnostics. These applications are of increasing prominence in healthcare,
agriculture, food industry, environmental and security sectors, hence this is reflected
in the continuously increasing growth of global markets for such technologies, as seen
in Figure 1.5. In particular with regard to the biosensor market, where today after
a phenomal growth since the 1985s the worldwide sales of biosensors are worth of

about US$ 13 billion [Turner, 2013].

To overcome limitations of the state of the art rejection monitoring methods, the pro-
posed project sets out to develop and evaluate titanium-dioxide coated implantable
biosensors for transplant rejection monitoring. This novel method is based on estab-
lished contactless bioimpedance sensing to detect tissue changes on morphological
tissue integrity during the early rejection process. The sensor will be implemented at
the time of transplant and allows a continuous monitoring with the use of state of the

art wireless data transfer.

Over the last decades many clinical and non-clinical applications have been estab-
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lished using bioimpedance and bioelectricity. Electrical impedance measurements
have been adapted for tissue characterization and cell behaviour studies [Reza Atefi
etal.,, 2013; Prodan et al., 2004; Sun et al., 2010], body composition and intra/extracel-
lular fluid index as well as heart and respiration rate can be determined for monitoring
nutrition and physical training in sport medicine [Galanti et al., 2015] and meat qual-
ity and fermentation can be followed in food and beverage industry [Wang et al.,
2012] but also applications in stem cell differentiation monitoring [Frazier et al., 2009;
Hildebrandt et al., 2010; Reitinger et al., 2012], cytotoxicity screening [Ju and Park,
2005; Xiao and Luong, 2003], cell spreading [Wegener et al., 2000] and IgE-mediated
mast cell activation [Abassi et al., 2004] have been introduced. As shown in Figure
1.4, the rate of growth in scientific publications on bioimpedance proves the current
importance of this research field and its impact on the future of academic research in

the upcoming years.

1.2 Research Goals

Thus, the research goal of this work is on one hand the confirmation of the hypoth-
esis that physiological changes in cardiac muscle tissue during organ rejection can
be detected by a measurement of the electrical bioimpedance, on the other hand
the developing of an implantable prototype for early detection and monitoring of
cardiac tissue degeneration based on tissue impedance spectroscopy, that can be
used in further research. As mentioned before, studies have shown that contactless
bioimpedance sensing is particularly sensitive towards cell morphology changes, tis-
sue remodeling events and cell movements and thus also ideally suited to detect the
invasion of lymphocytes into the transplant and early oedema and cell necrosis, which

are all known processes that occur during transplant rejection. Therefore, it has been
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specifically investigated whether titanium electrodes with an electrically insulating
titanium dioxide passivation layer in a tetrapolar setup could be used to detect the
morphological and structural changes in tissue, that may occur during the process of

organ rejection.



4 Theoretical Background

The following chapter deals with the necessary theoretical background information to
both the biological background of tissue rejection and the concept of bioimpedance

based biosensing.

2.1 Biology of Transplant Rejection

2.1.1 Types of Grafts

The extent of an immune response and thus the extent of rejection to an implant
primarily depends on the degree of genetic variation between host and receiver. There
are mainly four types of grafts: (1) xenografts, which are transplants between different
species, (2) allografts, which are grafts between genetically differentiated members of
the same species, (3) autografts, which are transplanted from one to another part of
the body (e.g. skin grafts) and (4) isografts, which are transplants between genetically
indentical individuals such as identical twins. Consequently, in the first case we expect
the highest immune response leading to a rapid graft rejection, in contrast to isografts,

that undergo no immune response and therefore no rejection at all. Secondly, the type
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and degree of immune response vary also with the type and site of an implant. While
grafts concerning the eye or brain have minimal or no immune cells and therefore
tolerate even mismatched implants, highly vascular organs such as the human heart,

liver or kidney lead to an intense and powerful host response [Kindt et al., 2007].

2.1.2 Mechanisms of Rejection

The immune system has developed many effective mechanisms to fight foreign ob-
jects invading our body that are also involved in the rejection of transplanted organs.
These processes consist of both humoral antibody-mediated and cell mediated cy-
totoxicity mechanisms and are based on an antigen recognition process involving
especially T-cells and B-cells with the responsible antigens called major histocom-
patibility complex (MHC) or human leukozyte antigen (HLA) in human. In case of
mismatching ABO! compatibility the graft is rejected immediately after implantation
due to preexisting anti-HLA antibodies in transplant recipient, otherwise the graft
rejection occurs in two stages: (1) a sensitization stage and (2) an effector stage [Kindt

etal., 2007].

Sensitization Stage of Graft Rejection

During the sensitization stage, T cells recognize alloantigens exposed on the surface of
the implants by either recognizing the donor MHC molecule directly (direct pathway)
or through the recognition of peptides of the donor HLA presented on the surface of
the recipients APCs (indirect pathway). If an APC expresses an antigenic-ligand/MHC
molecule and provides a costimulatory signal, a T helper cell gets activated leading to

a more severe immune response in the patient [Kindt et al., 2007].

IThe ABO system is the major human blood group system based on the proteins on the surface of
erythrocytes.

10
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Figure 2.1: Clinical stages of graft rejection. A hyperacute graft rejection, B acute cellular
rejection and C acute humoral rejection. Adapted from "Pathologic Basis of Disease, 8th
Edition" by Kumar et al. [2009], Copyright 2009 Elsevier, Inc.

Effector Stage of Graft Rejection

In the effector stage the immune destruction of the implant occurs. The most com-
mon mechanisms are cell-mediated reactions involving an influx of immune cells
such as CD4+, APCs or macrophages into the graft, that will lead to cell morphology
changes and tissue remodeling and therefor to structural changes due to apoptosis of

myocardial cells of the graft [Kindt et al., 2007].

2.1.3 Clinical Stages of Rejection

We can define three different clinical stages of rejection: (1) hyperacute rejection, (2)
acute rejection and (3) chronic rejection as shown in Figure 2.1. In principal, we can
say that rejection in solid organ transplantation is presented as an immune-mediated
process of morphological tissue alteration (e.g. lymphocyte invasion, cell swelling,
ischemia, edema, fibrosis, necrosis) which ends in loss of organ function. Results of
these tissue alteration processes should be detected in very early stages to improve

treatment in cardiac transplantation.
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2.2. Fundamentals of Bioimpedance

Table 2.1: Overview about the existing applications using impedance

Type of Measurements Analysis methods References

Wu et al., 2011]
Trebbels et al., 2009]
Bragos et al., 1999]
Ferreira et al., 2013]

Cellular Measurements Coulter counter [
Measurements of the hematocrit [
Monitoring cell cultures [
Volume Changes Impedance plethysmography [
Impedance cardiography [Cybulski et al., 2012]
Impedance pneumography [Miyriczak and Cybulski, 2012]
Body composition Fluid compartments [Jaffrin, 2009]
Fat compartments [Vine et al., 2011]
Tissue monitoring Ischemia monitoring [Ahn et al., 2005]
Graft viability assessment [Khalil et al., 2014]
Graft rejection monitoring [Giovinazzo et al., 2011]
Tissue classification Electrical Impedance Spectroscopy [Dean et al., 2008]
Electrical Impedance Tomography [Costa et al., 2009]

2.2 Fundamentals of Bioimpedance

People have been fascinated with electricity for many centuries like with no other tech-
nological invention in history?. It was Luigi Galvani (1737-1798) who first proved in his
frog experiments at the university of Bologna, that the living body utilises electricity
to control muscle movement [Galvani, 1791]. A few decades later Oliver Heaviside
(1850-1925) coined amongst many other things the term "impedance" in the form we
use today. About the same time, measurement of electrical conductance in human
skin began and became the precursor of the lie detector. Around 1905, the electric
galvanometers were sensitive and rapid enough for heart activity measurements, and,
by 1910, Rudolf Hober (1873-1953) used bioimpedance to prove the existence of cell
membrans [Hober, 1910]. In order to show the potential of this technique, Table 2.1

provides an overview about the existing applications.

2A complete historical retrospective review is available in Grimnes and Martinsen [2015].
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Figure 2.2: A graphical representation of the (a) complex impedance plane, where X is the
reactance, R the resistance and ¢ the phase shift and (b) a basic impedance circuit consisting
an AC supply applying a voltage V driving a current I.

2.2.1 Essential Electrochemical Basics

Bioimpedance® (Z) refers to the passive electrical properties of a biological tissue,
measured by applying an alternating current potential (AC) to the tissue externally
and then measuring the electric current (I) through it. According to Ohm’s law (2.1),
the ratio between voltage V in units of volts [V] and current I in units of amperes [A]
remains constant, if temperature and all other factors remain constant. This ratio is
called "resistance" and is abbreviated by the roman letter R. The SI unit of resistance

is the ohm [Q].
1%
R= T = const. (2.1)

Due to its limitation by simplifying properties, Ohm’s law only applies to the ideal
resistor. To describe more complex behaviour such as the electrical properties of
a biological tissue, we use impedance as a more general parameter and complex

quantity. The excitation signal, that is used to measure an electrochemical impedance,

3The word "impedance"” comes from the Latin word "impedire" to hinder, literally, to shackle the
feet, from pedire, v. derivative of pés foot
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2.2. Fundamentals of Bioimpedance

can be expressed as a function of time, that has the form

Vi =Vpsin(wt) (2.2)

where 1} is the amplitude of the signal, w is the radial frequency and V; is the potential

at time ¢. The relationship between radial frequency w and frequency f is:

w=2nf (2.3)

The response signal I; is shifted in phase ¢ in a linear system and has a different

amplitude than I,.

I; = Iysin (wt+ ) (2.4)

Thus, in accordance with Ohm’s Law the impedance results in:

Vi Vpsin(wr) sin(wt)

L T Tosinwir ) sin@it ) @5
Using Eulers relationship,

exp (j¢) =cos¢ + jsing (2.6)
the potential can be described as,

Vi=VWoexp(jwt) (2.7)
and the response current as,

I; = Ipexp (jwt — ¢) 2.8)
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2.2. Fundamentals of Bioimpedance

Thus, the impedance is then described as a complex number by using Eulers relation-

ship again,

Z(w) = % = Zpexp (jo) = Zp(cosp + jsing) (2.9)
or

Z=R+jX (2.10)

where the real component of impedance is the resistance R and the imaginary com-

ponent is the reactance X following equation,

1

— 2
R+ 2rfC)?

(2.11)

where, C is the capacitance. For a better understanding, impedance functions are
often depicted in a graphic form, as noted in Figure 2.2. Another often used expression
is the reciprocal of the impedance called admittance and is abbreviated by the roman

letter Y in Siemens.
Y=G+jB=G+ jwC (2.12)

where in a similar form to real and imaginary impedance, G is the conductance and B

is the suspectance of the admittance.

2.2.2 Impedance Spectroscopy of Electrolytes

The electric current in metals and consequently in electrodes is carried by electrons.

In electrolytes on the other hand, the charge transfer takes place by ions and other
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2.2. Fundamentals of Bioimpedance

Table 2.2: Approximate concentration of electrolytes in body liquids (meq/L) is ion concen-
tration in milliequivalents (mmole x valency z) per Liter. Data from Grimnes and Martinsen
[2015]

Cations (meq/L) Anions (meq/L)
Plasma Intracellular Plasma Intracellular
Na* 142 10 Cl~ 103 4
K* 4 140 HCO3™ 24 10
Ca* 5 1074 Protein 16 36

HPO,%™ + S04~ +

+
Mg 2 30 organic acids

10 130

H* (pH=7.4) 4x107° 4x107°
Sum 153 180 Sum 153 180

0.9% NaCl is 154 mmol/L.

charged molecules that are able to migrate in a solvent. Thus, charge movement under
the influence of an electrical field appears in electrolytes in both directions with the
existence of a positive type (cation) and a negative type (anion) of charge carriers
[Sticker et al., 2015]. The flow velocity of these ions can be described by Ohm’s Law for

electrolytes,
v = UB= grserrE (2.13)

where v represents the drift velocity, i the mobility, z the ion valence, e the elementary
charge and ¢ the viscosity of the surrounding medium. As a simplification, in small
ion concentrations or by small concentration changes in charged molecules, a linear
relationship between conductance and concentration can be assumed. Thus, the
electric current per area of an electrolyte, called as electrical current density J (2.14) is

proportional to the conductivity o and to the amount of ions 7.

J=0E=nzeukE (2.14)
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2.2. Fundamentals of Bioimpedance

Table 2.3: Electrical resistivity in biological material. Adapted from Geddes et al. [Geddes and
Baker, 1967].

Type of tissue Resistivity [(2 cm]

Blood plasma 63
Blood (for hematocrit Ht=47 % 150
Skeletal muscle (longitudinal) 300

Skeletal muscle (transverse) 700
Cardiac muscle (dog) 750
Lungs (dog) 1,200
Fat 2,180
Saline 0.9 % 57

During measurement of conductivity a so-called electrical double layer [Bard and
Faulkner, 2002] occurs at the electrode/electrolyte interface causing an additional
resistance that has been described with different models in the literature by several
authors [Bohinc et al., 2012; Oldham, 2008; McAdams et al., 1995]. The so-called War-
burg model (2.15) has been found widespread use and states that the electrochemical

response is dominated by pure diffusion of the active species.
1
Zy=010-jlow 2 (2.15)

However, to avoid a complex system and and discharges with the electrode surface,
electrodes should be covered with dielectrics to minimize the additional resistance

caused by this electrical double layer [Sticker et al., 2015].

2.2.3 Electrical Properties of Tissue

The electrochemical properties of biological tissues and cell suspensions are mainly
given due to the capacitive reactive behaviour of the highly insulating plasma mem-
bran of the cell build by a phospholipid bilayer as shown in Figure 2.3 and the resistive

behaviour based on the composition such as electrolyte concentration, carbohydrates,
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2.2. Fundamentals of Bioimpedance

membrane composition [Grimnes and Martinsen, 2015]. However for simplification
from the electrical point of view, it is generally accepted that biological tissue behave
as a complex anisotropic conductor, where the current is transported by ions* in
the intra- and extracellular space [Grimnes and Martinsen, 2015]. The extent of the
reactive and resistive behaviour of the tissue depends on the applied frequency. As
shown in Figure 2.4 at low frequencies (f — 0) most of the current flows around the
cell without being able to penetrate into the cell [Grimnes and Martinsen, 2015]. At
high frequencies (f — oo) the membrane capacitance is no impediment to the current
and it flows indiscriminately trough the extra- and intracellular media [Ivorra, 2013].
This becomes even more obvious by looking at (2.11), so that if f — oo, the resistance
term will be dominating. This impedance varies not just with altering frequency
(f) but also with different tissue types and changes sensitively with the underlying
histology of the investigated tissue [Grimnes and Martinsen, 2015]. This characteris-
tics can be used on one hand to differentiate between different tissue types and on
the other hand in order to detect pathological changes in tissue. Based on the data
presented in Table 2.3, it can be assumed, that a change of impedance in a biological
tissue is attributed to an altering composition within the tissue due to a pathological
modification such as ischemia, edema or cell migration [Geddes and Baker, 1967].
Schwan et. al emphasized in his work the importance of specific frequency regions for
the dielectric properties in biological materials as seen in Figure 2.5 [Schawn, 1957].
However only a and 8 dispersion with their frequency range < 10 MHz are particularly
interesting for this application, since most changes between normal and pathological
tissue seem to appear in this frequency range [Blad and Baldetorp, 1996]. In general,

a dispersion is associated with diffusion processes of the ionic species at lower fre-

quencies, f dispersion on the other hand is linked to the dielectric properties of the

“The most important ions are listed in Table 2.2 [Grimnes and Martinsen, 2015].
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Hydrophobic
fatty acids

Figure 2.3: Bilayer lipid membran (BLM), the
main component of the cell membrane. Due
to the ion concentration gradient between
the inside and outside of the cell and the
membrane proteins embedded in the mem-
brane, the cell surface is charged negatively.
Reprinted from "Bioimpedance and Bioelec-
tricity Basics" by [Grimnes and Martinsen,
2015], p. 101. Copyright 2015 by Elsevier Ltd.

HF oo LF —

Figure 2.4: Low and high frequency cur-
rent paths in tissue. Current flows through
the path of least resistance, so at low fre-
quency (LF), the current flows mainly be-
tween the cells, only by increasing frequency
itis able to penetrate the cell. Reprinted from
"Bioimpedance and Bioelectricity Basics" by
[Grimnes and Martinsen, 2015], p. 103. Copy-
right 2015 by Elsevier Ltd.

bilayer lipid membran and other internal membrane structures. Some other physical
properties such as temperature or pH value contribute to changes in impedance to a
certain degree. Since the viscosity decreases with rising temperatures, according to
(2.13) the resistance of a solvent decreases due to an increasing ionic mobility. The pH
value under physiological conditions® varies between pH 6-8 and does not contribute

significantly due to the very low concentration of H30™*.

2.2.4 Theoretical Cell Constant

Beside the electrical properties of a tissue such as conductance and suspectance,
impedance values are also determined by the geometrical constrains. Grimmnes et al.

have defined a geometrical scaling factor « that allows the comparisment of different

SPhysiological condition, in a medical sense, is a number of physiological values used to describe
the conditions that occur in humans such as atmospheric oxigen concentration, temperature range of
20 to 40 degrees Celsius, pH 6-8 etc.
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Figure 2.5: Idealised dispersion regions for tissue. On the one hand «a dispersion is associated
with diffusion processes of the ionic species, on the other hand f dispersion is linked to the
dielectric properties of the bilayer lipid membran and other internal membrane sturcures. y
dispersion, caused by molecules and proteins in aqueous solution, can be ignored since they
only appear at higher frequencies. Adapted from "Bioimpedance and Bioelectricity Basics" by
[Grimnes and Martinsen, 2015], p. 103. Copyright 2015 by Elsevier Ltd.

sensors based on their dimensions [Grimnes and Martinsen, 2015].

K=

S (2.16)
: .

where, S is the cross sectional area of a tissue under observation and / the length of

the measuring electrodes. Thus, in accordance with (2.12) the admittance results in:
Y=G+jB=G+ jwC=x(0+ jwe) =k(0 + jwerep) (2.17)
where €, is the permittivity of the material and ¢, is permittivity of the vacuum.

2.2.5 Equivalent electrical circuit for biological tissue

Considering the electrical properties of a biological tissue and applying the theory of

electrical circuits, a simplified equivalent electrical model for the cell can be shown in
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2.2. Fundamentals of Bioimpedance

Figure 2.6. As mentioned before, the current can flow trough the cell across the phos-
pholipid membran (Cy,) or across the ionic channels (Ry,) or can circulate around
the cell (Re). Once the current penetrated the cell, it moves trough the intracellu-
lar medium (R;) and leaves the cell across the membrane (R, || Cry). Usually, the

membrane conductance (Ry,) is very low and can be ignored [Ivorra, 2013]. Since

Re Re
1 L1
; | Cwm
Cu/2

Figure 2.6: Simplified equivalent electrical circuit for biological tissue, where R, is the extra-
cellular fluid Resistance, R; is the intracellular fluid Resistance, R j, is the trans-membrane
ionic channel Resistance and Cy, represents the cell membrane capacitance. Adapted from
"Bioimpedance Monitoring for Physicians: An Overview." by Ivorra [2013], p. 19. Copyright
2003 by Centre Nacional de Microelectronica Biomedical Applications Group

a biological material is not homogeneous and cell sizes are randomly distributed, a
more detailed model is needed. Cole et al. suggested a more realistic model for tissue,
where the capacitor is substituted by a Constant Phase Element (CPE) and the phase

is frequency independent [Cole, 1940].

Hence, CPE has the impedance:

1

= 2.18
Gafoe (2.18)

ZCPE

where j is the imaginary unit, f the frequency, C the capacitance. The CPE parameter

a, that takes a value between 0 and 1, allows to describe different spectral shapes
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2.2. Fundamentals of Bioimpedance

Ivorra [2013]. When a = 0, the behavior of the CPE is exactly the same of an ideal
capacitor, when a = 1 the CPE behaves like an ideal resistor. Substituting R, and C,,

with CPE in the circuit in Figure 2.6 results in

Ro—Reo

Z =Rp——7T7""— 2.19
cpE = Hoo = T F)e (2.19)
When more than one dispersion occurs, the Cole equation can be expanded:
Ry—R Ry—R
Zopk = Res (Ro — Roo)1 (Ro — Reo)2 (2.20)

1+ (2afT)Y 1+ (j2nfTa)®

R is the resistive part at infinite frequency, Ry is the impedance at 0 Hz, 7 is a
time constant. Different tissue samples can be characterized by finding these four

parameters®.

2.2.6 Frequency and Current Values

According to Webster et al. there is a general consensus by using a sinusoidal current
with the amplitude between 1 and 5 mA and a frequency between 20-100 kHz in
medical applications [Webster et al., 2010]. However, a direct electrical connection
to the cardiac muscle and an invasive application of a measuring current to the
myocardium requires a high standard of safety, so it is advisable to use as low current
as possible. The use of direct current (DC) in biological tissue is very limited due to
the fact that it causes chemical changes such as changes in pH and the permeability
of the cell membran, distribution of ions when it passes through the cells and intra-

and extracellular fluids.

6A quantitative analysis of the equivalent electrical circuit is not part of this thesis.
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2.3. Biosensors

Table 2.4: Classification of transducer

principle examples

potentiometric ion-selective electrode, soon-selective field-effect transistor
amperometric metal electrodes, conduction organic salts

acoustic piezoelectric/surface acoustic wave, bulk acoustic wave
calorimetric thermometric biosensor
optical ellipsometry, fibre optic, planar waveguide, surface plasmon resonance

2.3 Biosensors

According to the International Union of Pure and Applied Chemistry (IUPAC), the term
“biosensor” is short for “biological sensor” and is a device using a specific biochemical
reaction mediated by isolated enzymes, immunosystems, tissues, organelles or whole
cells to detect chemical compounds by electrical, thermal or optical signals [Guilbault
and Hjelm, 1989]. In general, a biosensor is a measuring system that is composed by a
biological recognition element and an physicochemical transducer part. There are
different ways that biosensing may occur measuring either the affinity of binding or
metabolic and catalytic changes on the surface of the sensoring element. Depending
on the task, the biological recognition is performed by a variety of elements such as
enzymes, antibodies, microorganisms, organelles or biological tissues. Thus, there
are several commonly used technological possibilities for transducer that respond to
the products of the biocatalytic or binding process. Table 2.4 categorizes transducers
into five main types on the basis of the applied physical principle. A purposeful
combination of these elements depends on the analytical problem, which is needed
to be answered. Furthermore, a signal processing part is needed, which takes the

electrical signal through an integrated system to present data to the operator.
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2.3.1 Flexible Electronics

Flexible electronics is a technology in biosensor development for fabricating elec-
tronic circuits by attaching electronic devices on flexible plastic substrates. In recent
years the focus has been set on this research field for mainly two reasons. Firstly, they
promise an entirely new way of engineering electronics allowing flexible, bendable,
lightweight design that can be used in medical application, photovoltaic cells and con-
sumer electronics. Secondly, flexible electronics allow a cost-effective production due
to high volume manufacturing or by using fewer expensive manufacturing processes.
Particularly with regard to our research goal, a flexible sensor is crucial due to the

curvilinear surface and the mechanism and contraction events of a cardiac muscle.

Flexible electronic devices can be fabricated by using several different techniques. In
general, two basic approach have been used for fabrication: (1) a circuit is produced
separately by standard methods on a transfer substrate (e.g. Si wafer, glass plate)
and then transferred on a flexible substrate [Lee et al., 2003] or (2) the circuit will be
processed directly on a flexible substrate by using additive printing methods [Yin et al.,
2010; Khan et al., 2015] and pattern transfer [Du et al., 2012]. A review on different

techiques and materials used in this field can be found in [Cheng and Wagner, 2009].

2.3.2 Electrode Material

At the heart of all biosensing systems are the electrodes. Geddes et al. has defined
four criteria that should be considered when choosing material for an implanted
electrode: (1) tissue response, (2) allergic response, (3) electrode-tissue impedance,

and (4) radiographic visibility [Geddes and Roeder, 2003].
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Tissue Response

Introducing a foreign object such as a metal implant into a tissue causes essentially
two different responses: (1) the surrounding tissue fluid tries to dissolve the implant
and (2) following an inflammatory cascade, the body reacts by forming a protective
cover around it, called capsule formation. Depending on the material used, a vary-
ing thickness may be formed leading to a reduction of the amplitude available for

recording measurements [Geddes and Roeder, 2003].

Allergic Response

Needless to say, an ideal implanted electrode may not trigger any allergic response
by the host. Therefore, although prima facie some metals are excellent qualified, by
adding a nonallergenic criterion for selection reduces the list of suitable metals for
an implanted electron. A hierarchy of allergenic metals can be found in [Geddes and

Roeder, 2003].

Electrode-Tissue Impedance

Impedance and the influence of tissue characteristics on a bioimpedance measure-
ment have been defined in Chapter 2. In summary;, it can be stated, that the impedance
of an electrode-electrolyte interface, that can be seen as a simplified system to an
electrode-tissue interface, depends on the type of electrolyte it contacts, on the tem-
perature and on the species of metal and its surface area - the larger and rougher the
surface, the smaller the impedance [Geddes and Roeder, 2003]. Derived from (2.11)
we also can see, that the bioimpedance is clearly frequency-dependent resulting to a

decreasing impedance value with increasing frequency used to measure.
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2.3. Biosensors

Radiographic Visibility

Since our goal is to develop an instrument for a long-time monitoring of the cardiac
tissue, we need to consider radiographic visibility as a requirement, so clinician are
also able to monitor the integrity and operative readiness of the implant over time.
Due to its small size, it is recommended to select a metal with a high atomic number,

that absorbs X-rays effectively [Geddes and Roeder, 2003].
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k] Materials and Methods

This chapter describes all materials and methods for the development of a prototype
of an implantable biosensor for rejection detection and long-term monitoring in
cardiac transplantation acquired in scope of this work. Additionally, a complete list of

materials can be found in Appendix.

3.1 Selection of Materials

Several criteria according to the flexibility of a sensor have been discussed in Chapter 2.
Since the main goal of this research project is the development of an implantable med-
ical application, there are different aspects to consider when choosing a biomaterial!
for manufacturing biosensors in addition to the essential expectation of functional
ability, flexibility (e.g. biocompatibility?, availability, costs of raw materials etc.). Since
the developed sensor is intended to detect and monitor rejection of an implant over a

long period of time, a highly tolerable and biocompatible material is needed. Based

I Biomaterial in medical terminology is “any natural or synthetic material that is intended for intro-
duction into living tissue especially as part of a medical device or implant” [Bhat and Kumar, 2013]

2The International Union of Pure and Applied Chemistry (IUPAC) defines the term biocompatibility
as "the ability to be in contact with a living system without producing an adverse effect."[Vert et al., 2012]
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3.2. Electrode Passivation

on the criteria discussed in Chapter 2 and its widespread and successful application
in medical implants [Ratner et al., 2008; Balazic et al., 2007; Liu et al., 2004], a titanium
(Ti) electrode with an insulating titanium dioxide surface has been selected for further

development.

PDMS? is well known for its flexible properties and is has been used in implantable
devices for long term studies already [Kim et al., 2011]. Although there is some contro-
versy about whether PDMS is the most appropriate material for implantable devices
due to its lacks the ability to be easily functionalized with biologically active compo-
nents, due to its easy handling and availibility on the other side, it has been chosen as

a substrate for our purposes [Domachuk et al., 2010].

Needless to say, that in the end all other materials, that will be used during fabrication

such as wires and conductive paste, should meet the same criteria for biocompatibility.

3.2 Electrode Passivation

According to IUPAC, passivation is a process of transition from the active to the passive
state by formation of the passivating film, that is achieved by an anodic current which
at the respective electrode potential must be larger than the maximum current, by the
presence of an oxidized substance in the neighbouring solution which passivates by
being reduced or by sufficient heating under normal atmospheric conditions [Heusler
et al., 1989] As stated above, titanium is very-well suited for medical applications,
due to to its biocompatibility and corrosion resistance. The latter especially comes
from the amorphous surface passive oxide layer which consists of mainly 77O, and

provides chemical inertness in many aqueous media [Jamesh et al., 2013]. Sticker et

3Polydimethylsiloxane, short PDMS, is a silicon-based organic polymer frequently used in microflu-
idics.
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al. have demonstrated that complete sensor isolation using metal oxide coatings such
as titanium dioxide and resulting physical removal of the impedance electrodes from
the liquid sensing environment eliminates ohmic (faradaic) contributions, bubble
formation and electrode polarization events, thus providing stable and non-drifting

measurement conditions over long periods of time [Sticker et al., 2015].

3.2.1 Thermal Oxidation of Titanium

Titanium reacts spontaneously with the atmospheric oxygen at room temperature
and forms a passive oxide film on its surface, that is composed of three layers: (1) TiO
adjacent to metallic titanium, (2) TiO, as an intermediate layer and (3) anatase TiO-,
which is in direct contact with the environment. On the other hand, oxidation at
higher temperatures originate a crystalline oxide film, that is preferred in medical ap-
plications [Pouilleau et al., 1997]. To achieve the preferred passivation layer, a thermal
oxidation of commercially pure titanium was performed under normal atmospheric
conditions. (Skokan Edition 85 with a Bentrup TC 66 compact controller) While doing
this, first unalloyed titanium wires with a diameter of 0.5 mm and a length* of 3 cm
have been cleaned with acetone and ethanol in an ultrasonic bath for 25 minutes.
Subsequently, the cleaned wires have been heated to 650°C at a heating speed of 5°C
per minute. This temperature was hold for an hour and then the oven was switched off
and the wires were cooled down to room temperature overnight. As stated by Gemelli
et al., using these conditions leads to a preferred crystalline structure [Gemelli et al.,

2007].

Scanning electron microscopy observations and cyclic voltammetry were carried out

to evaluate the quality and structure of the oxide layer.

“The length of 3 cm has been chosen due to simple handling during assembly
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3.2.2 Cyclic Voltammetry

The multichannel potentiostat (Bio Logic VMP3/P-01, France), that has been used for
impedance spectroscopy measurements was also employed to confirm and evaluate
complete sensor thermic passivation using cyclic voltammetry (CV) in the presence
of an electroactive compound ferricyanide. Cyclic voltammetry measurements were
carried out in a two terminal configuration consisting of a passivated titanium as
working and an external platinum wire as the reference/counter electrode. A scan
rate of 16 mV/s was chosen and the electric current was recorded in the absence and
presence of 1 mM potassium hexacyanoferrate(Il) trihydrate K,Fe(CN),-3H,0 and
1 mM potassium hexacyanoferrite(Ill) K;Fe(CN), dissolved in phosphate buffered

saline (PBS) [Villares et al., 2009; Sticker, 2015]. (Sigma-Aldrich, Germany)

3.2.3 Scanning Electron Microscopy (SEM)

SEM imaging was performed by colleagues at the Austrian Institute of Technology,
Molecular Diagnostics in Vienna using a scanning electron microscope at 5 kV in high

vacuum mode. (Zeiss, Supra40, Germany)

3.3 InkjetPrinting of Bendable Circuits on a Polydimethyl-

siloxane Surface

A normal resting heart beat for a healthy adult ranges between 60 to 100 beats per
minute. This will result to an extraordinary mechanical stress on the sensor itself,
that supposed to stay implanted in a cardiac tissue for several years. Particularly with

regard to our research goal, a flexible sensor is crucial due to the curvilinear surface
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and the mechanism and contraction events of a cardiac muscle. In order to achieve
this flexibility, inkjet printed bendable circuits were tested to replace the conventional

wiring of the implanted sensor in the long term.

3.3.1 Preparation PDMS Substrates

In order to fabricate a thin substrate, PDMS was mixed with a curing agent in the
proportion of 10:1 by weight. (Sylgard 184, Dow Corning, USA) Air bubbles were
removed by centrifugation at 400 rpm for 3 minutes. (Eppendorf, Germany) Degased
PDMS was spin-coated on an acetone-cleaned, hydrophobic silicon wafer at 400 rpm
for 30 seconds and precured at 75°C to achieve a substrate thickness of 250 um [Sun

et al., 2016]. (Laurell Tech. Corp., USA)

Polymerized PDMS substrate surface was then silanizated to achieve a sufficient
bonding of inkjet printed circuits as published by Melnik et al. Therefore, a solution
containing 5 % (v/v) (3-mercaptopropyl)trimethoxysilane (abcr GmbH, Germany)
diluted with tetrahydrofuran (Sigma-Aldrich, Germany) and 0.4 % HCI (Sigma-Aldrich,
Germany) was prepared. Subsequently, PDMS was activated in oxygen plasma and
immersed in MPTMS solution for 1 hour. Then, PDMS was washed with isopropyl
alcohol in ultrasonic bath for 5 minutes, two times in ultrapure water and once in 2-
propanol. (Sigma-Aldrich, Germany) Subsequently, substrates were dryed in nitrogen

steam [Melnik et al., 2014].

3.3.2 Inkjet Printing Silver Ink

The PDMS substrate was placed on a pre-heated Si-wafer and the total height was

estimated as 750 um in order to adjust the printer. Subsequently, the silver conductive
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tracks (ANP Silverjet DGP 40LT-A, South-Korea) were patterned with a drop diameter
of 70 um on PDMS by a Dimatix inkjet printer (FujiFilm, 2831 series with a Cartridge
DMS-11610, Japan) based on a CAD-designed layout as shown in Figure 3.3. After

printing was finished, the PDMS substrates were heat treated by 150°C for 15 minutes.

3.3.3 Electrical Measurement

In order to evaluate the quality of the conductive tracks, two platinum conical probes
were placed to contact the printed pattern and the resistance was measured by using

a digital multimeter. (Isotech IDM67, Austria)

3.4 Oxygen Plasma Bonding of PDMS

Oxygen plasma bonding was used to bond top and bottom layer of the sensor together.
A general protocol, that was also used during sensor fabrication is as follows. First,
PDMS sheets were cleaned as shown in Section 3.3.1 and placed inside the chamber
of plasma cleaner. The surface was then plasma activated at 700 mTorr chamber
pressure for 30 s exposure time. (BlackHole-Lab, France) Subsequently, the activated
PDMS surface can be bonded by pressing on another surface such as glass or another

PDMS.

3.5 Electrode Configuration

There are several possible electrode configurations that can be used in order to mea-
sure tissue impedance. Within the scope of this thesis, a two-electrode or bipolar and
a four-electrode, tetrapolar configuration were characterized and the influence of the

electrode impedance on the signal response was evaluated. Therefor, a log-dilution
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Figure 3.1: Schematic representation of electrode configurations used in electrical impedance
measurements: (a) bipolar/two-electrode method and (b) tetrapolar/four-electrode method.

of NaCl solutions were prepared and a 100 mV peak-to-peak excitation voltage was

applied in a frequency range from 10 Hz to 1 MHz to each of the solutions.

3.5.1 Two-Electrode Method

Performing electrical impedance measurement by applying the bipolar method means,
that a known current is injected into the tissue under test through two electrodes
(working and counter electrode) in order to measure the resulting drop of voltage

between these two electrodes.

3.5.2 Four-Electrode Method

In contrast to the two-electrode method, in a tetrapolar setup a separate pair of

electrodes (working and counter electrode) are being used to inject current in the
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Figure 3.2: Sensor concept for cardiac rejection monitoring. The sensor will be surgically
implemented at the time of transplant and allows a continuous monitoring with the use of
state of the art wireless data transfer.

tissue and to measure the resulting voltage drop (working sense and reference elec-
trode). In theory, since the current completely flows through the tissue and thus the
electrode-tissue interface impedance has no influence on the sensor, a more accurate

and precise impedance measurement is possible by eliminating direct discharges on

the electrode surface.

3.6 Fabrication of Sensor Prototype

As shown in Figure 3.3 a sensor layout® for a tetrapolar electrode setup containing a
top and bottom layer was designed by using AutoCAD to meet the specific geometrical
requirements of a rabbit heart® as shown in Table 3.1[Noszczyk-Nowak, 2009]. Figure
3.5 illustrates the assembly procedure. The layers were cutted by a CNC laser cutter.

(Universal Laser Systems, USA) To establish a connection between electrodes and

5Bi- and tetrapolar measurements are possible by varied electrode contacting of inner and outer
electrodes, however the results cannnot be quantitatively due to a different geometrical constant based
on a different electrode distance.

6Rabbit heart might be used in further pre clinical development stages.

34



3.6. Fabrication of Sensor Prototype
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Figure 3.3: CAD sensor design with top and  Figure 3.4: Illustrative presentation of the
bottom layer for CNC cutter and inkjet print- PDMS sensor placed on a chicken heart sam-
ing. (blue: lines were the PDMS was cutted, ple

black: electrodes and red: layout for inkjet

printing)

0, plasma
bonding

TiOx electrode —» \ k
e S _ -

Inkjet printing
I
5mm

Figure 3.5: Fabrication flow of two-layer microdevice containing passivated titanium dioxide
electrodes. Conductive tracks were inkjet printed on one sealing the electrodes with another
PDMS layer using plasma bonding.
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3.7. Characterization of Sensor

Table 3.1: Macroscopic dimensions of the heart of European brown hares [Noszczyk-Nowalk,
2009].

Parameter Mean value and SD

Length of the heart (mm) 53.33+9.0
Width of the heart (mm) 39.00 + 2.82
Myocardial thickness (mm) 8.66 + 1.5

measurement electronics, on the bottom of the top layer, inkjet printed conductive
tracks guide the measurement signal to an external potentiostat as discussed in Sec-
tion 3.3. Passivated titanium dioxide electrodes were fabricated as shown in Section
3.2 and bended so that a maximum length of 3 mm for inner and outer electrodes
and a width of 3 mm for inner and 6 mm for outer respectively were achieved. The
distance between the two inner electrodes is 10 mm and between the outer and inner
electrode 5 mm. The passivation layer on one end of the electrode was rubbed off by
using a commercial scratch paper. The electrodes were then fixed with the scratched
end on the inkjet printed tracks with a conductive silver paste and dried for 2 h at
75°C. (Sigma-Aldrich, Germany) Subsequently, oxygen plasma was used to bond top
and bottom part together in order to seal the sensor hermetically as shown in Section

3.4.

3.7 Characterization of Sensor

3.7.1 Electrical Testing of Measurement Setup

The experimental setup was evaluated by measuring four reference resistors (10, 100,
1000 and 10.000 Ohm) at the same 30 frequencies between 10 Hz and 1 MHz in a
galvanostatic mode by applying a 10 mA alternating current such that the effects of

instrumentation can be observed. In general, in order to avoid pick up effects no
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3.7. Characterization of Sensor

measurements were made at 50 Hz. A pure resistor exhibits no phase shift between
the voltage and current, thus the measured impedance consists exclusively of a real

component and thus according to (2.10).
ZResistor = R (3.1)

In order to bring these effect even more into focus, the percentage error between

measured and theoretical value was calculated according to (3.2).

#measured — #theoretical % 100

Y%ERROR = (3.2)

#theoretical

3.7.2 Determination of Geometric Cell Constant

The cell constant « is the scaling constant between the specific conductivity o of the
medium against the conductance measured by the sensor, as shown in equation (2.16).
Gabriel et al. stated that, although there are theoretical methods available to estimate,
it is much easier and more accurate’ to determine the cell constant experimentally
[Gabriel et al., 2009]. In aquaous Na(l, a linear relationship between conductance and
concentration can be assumed as shown in (2.14) Therefor, a dilution series of NaCl
was prepared ranging from 0.001 to 0.15 M and analyzed impedametrically at eight
frequencies in the range of 10 Hz to 300 kHz® by applying an alternating current with
an amplitude of 10 mA at room temperature. (Sigma-Aldrich, Germany) Since theoret-
ically, there is no dielectric dispersion at frequencies below 500 kHz in an aqueous

NaCl solution, experimental impedance data can be used to determine the electrical

In order to calculate the cell constant theoretically, an exact information of the electrode surface
area and electrode distance is necessary. Especially in case of a passivated electrode, is the determina-
tion of the surface area fraught with problems.

8The frequency range has been choosen based on previous measurements in Section 3.5.1
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3.7. Characterization of Sensor

conductivity by plotting the obtained conductance values against conductivity values
published by Peyman et al. [Peyman et al., 2007]. The cell constant is then obtained

by the slope of the regression line.

3.7.3 Determination of Sensor Sensitivity

The identical setup of Section 3.7.2 was used in order to quantificate the sensitivity of
the sensor with regard to the ionic strength of a solution. We define the sensitivity as
the slope of the regression line of the concentration and the associated impedance on

a logarithmic scale as shown in (3.3)

logZ =Zy+ A xlogc (3.3)

where A is the sensitivity, Z is the measured electrical impedance, c is the salt concen-
tration and Zj is the impedance for c—0. At low concentration also Zy—0 and thus, A

can be expresssed as

AlogZ
A~ 08

= 34
Alogc G4

Needles to say, that changes in ionic strength of a medium aren’t the only reason for
changes in electrical impedance, however A is a good value in order to meet a first

approximation of the sensor’s sensitivity.

3.7.4 Impact of Temperature Changes on Electrical Impedance

The effect of temperature changes on the measured impedance has been discussed
in Section 2.2.3 already. In order to quantificate this impact, measurements of the

electrical impedance were carried out at physiological relevant body temperatures
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from 26 to 44°C in 100 mL 1x PBS at 100 kHz by applying an alternating current with

an amplitude of 10 mA. A magnetic stirrer was used in order to distribute heat evenly.

3.8 Cell Culture

Jurkat cell line (ATCC®, TIB-152™) were cultured in an advanced RPMI 1640 me-
dia (BioWhittaker®, BE12-702F) with L-glutamine supplemented with 10 % heat-
inactivated fetal calf serum and 1% antibiotic-antimycotic solution (Biowest, L0010).
For routine growth, the cells were maintained in an incubator at 37°C with a 5 %
CO, humidified atmosphere. Cells were split with fresh media when the culture
reached confluency and a change in color due tue a pH indicator could been detected,

respectively.

3.9 Impedance Spectroscopy

A commercial multichannel potentiostats (Bio Logic, VMP3/P-01, France) was em-
ployed for impedance spectroscopy measurement controlled by the EC-Lab V11.02
software enabling parallel measurement of currents down to 1 nA in the frequency
range between 0.1 mHz and 1 MHz. Since part of the research activities were carried
out at the Bioengineering Department at University of California, another precision
LCR meter had to be used for measurements on site (Keysight, E4980A, USA). However
since there was no commercial software available, a Python program needed to be
written in order to send SCPI commands to the LCR meter and measure electrical
impedance over a logarithmic frequency sweep. A complete Python command can be

found in Appendix.
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Figure 3.6: Graphical description of immune cell infiltration. Jurkat cells were embedded in a
hydrogel in order to simulate the influx of immune cells in a rejected tissue

3.9.1 Sample Preparation for in vitro Impedance Spectroscopy of

Mammalian Cells

Once the cell culture reached confluency, Jurkat cells were concentrated to achieve a
higher cell concentration. Therefor, the cell suspension was centrifugated at 400 rcf
and a part of the supernatant was discarded and used for blank measurements. Cell
number was determined by counting manually using a hemacytometer. As depicted
in Figure 3.6 cells were then mixed with a previously prepared low gelling agarose at
37°C in order to achieve a final concentration of 107, 108, 10°, 10* and 102 cells per mL,
transferred to a Transwell plate and hardened at 10°C. (SigmaAldrich, Germany) A
hydrogel without cells using the same amount of cell culture media was also prepared

for a blank measurement.

3.9.2 Preparation of Low Gelling Agarose

200 mL RPMI 1640 media and a stir bar were added to a beaker and 2 g agarose
powder was sprinkled into the liquid while stirring in order to prevent clumping.
Beaker and solution was weighted in order to determine volume changes due to
heating. Subsequently, the solution was boiled for 5-10 min stirring continuously until

agarose was dissolved completely. Hot distilled water was added to return the original
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3.9. Impedance Spectroscopy

weight and correct for evaporation. Gel was then stored at 10°C.

3.9.3 Organ Sample Preparation for ex vivo Impedance Spectroscopy

in Tissue

In order to obtain a more accurate tissue environment that is similar to a rejected
cardiac implant of a patient, animal tissue samples were examined. To evaluate
how structural changes in tissue ex vivo correlate with the simulation and directly
influences the dielectric properties, in the next set of experiments a tissue degrada-
tion model has been analysed for commercially available chicken hearts. For the
purpose to simulate pathological changes in tissue, two different experiments were
planned and carried out. Therefor, the sensor was implemented in the sample, that
was then placed in a physiological saline bath allowing continuous monitoring of
structural changes withing the tissue and alteration of electrical impedance during
experiments. On one hand, heart tissue has been freeze-thawed up and compared
with the electrical impedance spectra of fresh and untreated samples. To compare
physical with biochemical degradation processes, in the next set of experiments whole
chicken heart samples were subjected to enzymatic digestion for 24 hours using a
sterile trypsin/EDTA containing sodium chloride solution as depicted in Figure 3.7, at
37°Cin order to simulate a degradation of tissue. (Sigma-Aldrich, Germany) It was
considered to avoid evaporation the solution and thus a decrease of volume, that
would lead to an artificially higher impedance. Chronic organ rejection is a complex
process that takes place over several days and weeks of hospitalization [Kittleson et al.,
2017]. Therefore, enzymatic tissue decomposition following the same protocol as
described for single measurements was also monitored in a time-resolved manner to

mimic tissue degradation during rejection over time.
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3.9. Impedance Spectroscopy
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Figure 3.7: Experimental setup for trypsinization of heart tissue. Degradation of chicken heart
tissue samples were monitored over a frequency range between 10 Hz and 500 kHz fpr 24 h at
37°C.

3.9.4 Invivo Myocardial Impedance Analysis

Ex vivo tissue impedance analysis is a useful technique to analyse biological status
of a tissue qualitatively. Additionally, with regard to a continuous rejection monitor-
ing and using an implanted device, in vivo analysis of myocardial impedance was
measured in a 35 kg female juvenile Yucatdn mini pig. Access to the heart was done
via median sternotomy under a general endotracheal anesthesia and the impedance
sensor was placed on the apex of the left ventricle with the electrodes being inside
the myocardial tissue as shown in Figure 3.8°. On one hand, a logarithmic frequency
sweep was performed in the frequency range between 100 Hz and 1 MHz using a
100 mV sinusoidal signal in a potentiostatic mode. On the other hand, at a choosen
frequency of 5 kHz, myocardial impedance of a beating heart was recorded with a

sampling rate of 150 ms'?.

90pen heart surgery was performed by Prof. Wieselthaler and Jarrett Moyer at the University of
California, San Francisco. Myocardial impedance was recorded with a Keysight E4980A LCZ meter.
Custom made Python code can be found in Appendix.

10Limit of detection with the equipment used.
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3.10. Computer Modeling of Tissue Impedance

Figure 3.8: Surgical setup for in vivo myocardial impedance analysis in a beating heart. Open
heart surgery and sensor implantation were performed on a Yucatan mini pig at University of
San Francisco, California.

3.10 Computer Modeling of Tissue Impedance

Developed by Ivorra et al., a circuit analysis software package (SPICE OPUS 2.03)
was used to validate, if bioimpedance sensing is particularly sensitive towards cell
morphology changes and tissue remodeling events during the process of rejection

by simulating the electrical impedance of living tissue [Ivorra, 2005]. To achieve

Table 3.2: Electrical and physical constants used during SPICE simulation

Constant Value

Slab thickness 50 pm

Pixel size S5um *5pm
Number of pixels 200 x 200
Electrode resistivity 0Qcm

Intracellular resistivity 100 Qcm
Extracellular resistivity 100 Qcm
Membrane capacitance 1pF/cm?
Membrane resistance 1 GQcm?

this objective, a two-dimensional image of a tissue has been sketched based on a

histological examination [Noszczyk-Nowak, 2009] and converted into its equivalent
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Figure 3.9: Graphical description of the simulation model of tissue rejection based on a
histologicalcross-section examination of a rabbit cardiac tissue [Noszczyk-Nowak, 2009].

circuit elements as a model of extracellular space expansion, which is beside the
infiltration of immune cells, one of the key histopathological symptoms during cardiac
rejections [Costello et al., 2013]. The simulation performs a frequency sweep from 10
Hz to 1 MHz, which is comparable with the experimental settings. Artifacts such as
capacitive leakage at higher frequencies and polarization effects at frequencies below

1 kHz cannot be simulated by this approach.

3.11 Correction of Experimental Data

Polarization effects and interferences at low frequencies that may occur at the surface
of the electrodes and therefor influence the impedance measurement accuracy can
been avoided by using passivated electrodes in a tetrapolar setup as shown in Figure

4.4. However, at higher frequencies above 100 kHz, the presence of stray capacitances
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creates a measurement artefact that has been discussed by Buendia et al.. To mini-
mize these effects, measurement values were corrected by estimating the parasitic

capacitance from the suspectance of the measurement [Buendia et al., 2010].
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Results and Discussions

4.1 Sensor Characterization

4.1.1 Electrical Testing of Measurement Setup

Figure 4.1a shows the results of the electrical testing. There is just a slightly variation in
the measured resistance as a function of frequency and shows constant values for low
and middle frequencies. However, in the region above 100 kHz the effects from stray
capacitances are at a maximum, which results in an artifically increased resistance
value. The corresponding resistance spectra present an even less coherent picture, if
the resistor is 1 kOhm or higher. This becomes even more evident by looking on the
positive percentage error between measured and exact resistance value as shown in
Figure 4.1b. Based on the literature, there is no impedance value above 1 kOhm to
be expected in a biological tissue, however systematic measurement errors like these

need to be considered and corrected, as the circumstance requires.
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Figure 4.1: Evaluation of systematic errors by measuring four commercial available reference
resistors (blue: 10 Ohm, red: 100 Ohm, green: 1 kOhm and purple: 10 kOhm) (a) Measured
resistance (b) the percentage error between measured and exact resistance value.

4.1.2 Electrode Passivation

Results of Scanning Electron Microscopy

To evaluate the quality of the oxidation layer on the electrode surface, scanning elec-
tron microscopy was performed on thin sections. An insulating layer of titanium
dioxide can be observed on the planar surface of the titanium electrode. The passi-
vation layer thickness is not laterally homogenous and varies from 400 to 800 nm as
can be seen in Figure 4.2, however together with the voltammetry results it can be
concluded, that the passivation process was sucessful, the total electrode surface is

covered and the electrodes can considered to be electrically isolated.

Results of Cyclic Voltammetry

In order to further evaluate the homogenity of the formed titanium dioxide electrode
interface, cyclic voltammetry is performed for pristine and thermally oxidated tita-
nium dioxode electrode in a 1 mM ferricyanide solution. Figure 4.3 displays a scan at a

clean titanium electrode recorded in 1 mM ferricyanide solution, overlaid with a scan
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Figure 4.2: Scanning electron microscopy (SEM) images of electrode surface at different
solutions. SEM imaging was performed at 5 kV in high vacuum mode. (Zeiss, Supra40)

for a thermal oxidated electrode with an appr. 500 nm titanium dioxide passivation
layer in the same solution. For pristine titanium electrodes with thin and inhomo-
geneous titanium dioxide layers, that naturally form due to atmospheric oxidation
[Feng et al., 2002] a characteristic voltammogram with a peak current of 350 mA was
detected. In contrast, thermal oxidation results in a homogenous and complete cov-
ered titanium dioxide interface that results in severe decrease in non-faradaic charge
and current flow on the electrode surface. Titanium dioxide is frequently applied
and well characterized for application in tissue engineering and implantology [Ratner
et al., 2008; Balazic et al., 2007]. Therefore, thermal oxidation under atmospheric
conditions is an effective and straight-forward method to increase biocompatibility of
titanium surfaces [Wang et al., 2016] in contrast to other physical and chemical surface
modification strategies [Kwasniak et al., 2015]. All in all, a succesful sensor insulation
by thermal oxidation and thus an decrease of charge transfer was confirmed using an

electroanalytical technique.
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Figure 4.3: Overlaid cyclic voltammograms for a bare titanium electrode and a thermal oxi-
dated titanium dioxide electrode. Recorded in a ferricyanide solution at 50 mV/s. Blue curve
shows untreated titanium electrodes and red curve shows thermally passivated electrodes
with appr. 500 nm titanium dioxide layer.
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Figure 4.4: Measured electrical impedance Z [Ohm] with bi- and tetrapolar electrode setup.
NaCl solution with a concentration of 0.1 (black), 1 (red) and 10 mM (blue) was used.

4.1.3 Comparison of Two and Four Electrode Configuration

Electrical impedance spectre of 1 mM NaCl in a two and four electrode setup were
compared by using the same electrical parameters. The resulting spectra can be
divided into three characteristic frequency bands: (1) below 1kHz, (2) 1-100 kHz and
(3) above 100 kHz. Theoretically, ionic solutions such as aqueous NaCl exhibit no
dielectric dispersion at frequencies below 1 MHz [Gabriel et al., 2009]. By using a

bipolar setup however, an additional impedance can be observed below 1 kHz, that is
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mainly due to an occuring electrical-double layer at the electrode/electrolyte interface
and decreases with increasing frequency. At the first glance it can be also observed,
that the overall magnitude of the exact same solution differs significantly between
the bi- and tetrapolar configurations, however the absolute values of the impedance
modulus are not comparable since they do not rely on the same geometric cell factor.
Decreasing impedance above 500 kHz was found appropriate to consider as a general

measurement error due to capacitive leakage.

Thus, it can be stated, that the influence of the electrode impedance on the response
can be minimized by using a tetrapolar electrode setup. An even wider linear range
up to 100 kHz can be achieved at physiological concentrations, that is of particular

importance, when it comes to engineering medical devices.

4.1.4 Determination of Geometric Cell Constant

Admittance, the inverse of the electrical impedance, was used to extract the measured
conductance values. As stated in Section 3.5.2, there is no dielectrical dispersion and
thus no imaginary part below 500 kHz in an aquaous saline solution. Therefor, the
measured admittance consists exclusively of a real component; thus, it can be equated
to conductance. Based on the results of Section 4.2, frequencies below 300 kHz were
used in order to eliminate any possible system error. As expected, it can be seen from
Figure 4.5a, that the measured conductance doesn'’t vary within the chosen frequency
range. Fairly variation due to experimental artifacts, temperature changes between
samples and electrode polarization at lower frequencies can still not be excluded
entirely. However, in general the standard deviation stays below an acceptable three
percent. At a physiological concentration of 0.15 M, which is of particular interest

in medical research, an even lower standard deviaton of 0.76 percent was calculated.
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4.1. Sensor Characterization

Table 4.1: Determination of cell constant: average conductance (G) [Siemens] of aquaous
saline solutions from 100 Hz to 300 kHz; the conductivity (o) [Siemens/m]

NaCl [M] GIS] G[SISD GI[SISD o [S/m]
0.001 2.21E-04 4.92E-06 2.23% 0.009
0.005 6.65E-04 1.04E-05 1.57% 0.047
0.01 9.75E-04 2.96E-05 3.04 % 0.094
0.03 3.06E-03 3.10E-05 1.01% 0.281
0.05 4.83E-03 2.95E-05 0.61 % 0.466
0.15 1.12E-02 8.45E-05 0.76 % 1.375

* Conductivity values were taken from Peyman et al. Peyman et al. [2007]
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Figure 4.5: Determination of geometric cell constant: (a) frequency independent conductance
by using a tetrapolar setup below 300 kHz (black: 0.15 M, orange: 0.05 M, purple: 0.03 M,
green: 0.01 M, red: 0.005 M and blue: 0.001 M NaCl) (b) linear regression between measured
conductance and conductivitiy values of NaCl solutions, which have been used to calculate
the cell constant. (y=0.008x + 0.0005; R%2-0.99) [Peyman et al., 2007].

Exact values can be found in Table 4.1. On the other hand, there is a strong correlation;
thus, a linear relationship between conductivity and conductance with an R>=0.99 as
shown in Figure 4.5b. The geometric cell constant of the sensor was found to be 0.008

m.
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Figure 4.6: Characterization of sensor. (a) Determination of sensor sensitivity: concentration
series of aquaous NaCl at significant frequencies results in a linear regression between mea-
sured electrical impedance and NaCl concentrations. (y=-0.8021x + 3.714, R?>=0.99) and (b)
the impact of temperature changes on electrical impedance of a 1X PBS at 100 kHz. Best fitting
achieved with a second order polynomal correlation (R?>=0.99)

4.1.5 Determination of Sensor Sensitivity

In Section 4.2.4 the dependence of the measured conductance and thus the electrical
impedance on the electrolyte concentration was proven. The same dataset was also
used in order to determine the sensitivity of the sensor as defined in equation (3.3).
In Figure 4.6a, concentration series of aquaous NaCl were plotted against measured
impedance values on a logarithmic scale. Since the measured impedance doesn’t
vary within the chosen frequency range at low ionic strength either, a mean of the
measured impedance values was used calculating the sensor sensitivity. Therefor,
according to equation (3.4), the sensitivity was calculated to be 1=0.8, which means
that for a Ac of 1 mM a AZ of 6,3 x Ac can be measured. This can be considered
as significant compared to the standard deviaton of approx. 2 % at a physiological

concentration of 150 mM NacCl.
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4.1.6 Impact of Temperature Changes on Electrical Impedance

To understand, how changes in tissue temperature during organ rejection due to
post-transplant fever [Fishman, 2007] have an impact on the rejection monitoring
device, impedance spectroscopy is performed under physiologically relevant temper-
ature regions using phosphate buffered saline solution. Figure 4.6b shows changes in
impedance with varying temperature within a physiological relevant range. The mea-
sured impedance decreases with increasing temperature to a second polynomal de-
gree. In summary, due to a decrease in viscosity at higher temperatures, the resistance;
thus, electrical impedance decreases due to an increasing ionic mobility as shown in
equation (2.12). This changes are negligible compared to impedance changes due to
an alternating ionic strength. However, since tissue rejection is especially hallmarked
by the process of inflammation; thus, an increase of body temperature locally and in
general, a consideration of additional measurements of the body temperature might
be an interesting feature with regard to the future of sensor development. In order to
avoid any influence of temperature on the following experiments, temperature was

held constant at all times.

4.2 InkjetPrinting of Bendable Circuits on a Polydimethyl-

siloxane Surface

In order to achieve a flexible sensor design, an inkjet printing process of bendable
circuits on PDMS was tested. First, "homemade" PDMS sheets were sucessfully
prepared and treated as described in Section 3.3.1. Unfortunately, there had to be
dealt with some unforeseen complications during the actual printing process. On

one hand, a great deal of so-called comets, which are droplets of ink on PDMS, where
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Figure 4.7: Succesful inkjet printing of conducting silver ink on a PDMS sheet with a sheet
resistance of 83 Ohm per square.

no structure should be printed, occured. Especially, on areas with larger structures
has this phenomenon been observed. Small structures such as contact pads and
conductive tracks have clear printing lines as can be shown in Figure 4.7. On the other
hand, cracks within the printed structures were visible, after removing PDMS sheets
from the wafer, that can lead to a non-conducting structure. In order to avoid that,
it was suggested to place the PDMS sheet on a polymer foil. All things considered,
the printing process was succesful and a resistance of 80 to 90 Ohm per sqare was
measured, depending on the applied pressure on the conical probes of the digital

multimeter on the printed circuits.

4.3 Results of Multi-frequency Tissue Impedance Simu-

lation

Prior impedimetric analysis of biological tissue samples, computer simulations have
been performed to evaluate the influence of cellular and acellular components, such
as integrity and morphology on electrical impedance in biological tissue. As shown in

Figure 4.8, changes in tissue integrity are visible at characteristic frequencies between
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4.4. Mathematical Correction of Tissue Impedance Results

100 Hz to 100 kHz in imaginary and real part of the electrical impedance spectra. As
shown in Figure 4.8a, at a frequency range above 1 kHz characteristic § dispersion
can only occur in tissue and is not detectable for saline solutions [Grimnes and
Martinsen, 2015]. Additionally, significant decrease of resistance due to changes
in tissue integrity and an alteration of extracellular space, current will pass more
easily across the tissue, leading to a reduction in the resistive part of the impedance in
comparison to physiological and intact tissue structure. Figure 4.8b shows a significant
decrease of reactance at approx. 1 kHz due to simulated disruption of cell integrity
and an alteration of cell membran capacitance compared to viable tissue. Altough
the resistive part that is directly proportional to the resistance and therefor to the ion
composition of biological fluids, in acellular controls no reactance was detectable due

to lack of cell membranes.

As has already been explained in Chapter 2.1, during an onset of rejection, immune
cells infiltrate the implanted graft causing devastating damage to its morphologi-
cal integrity. Based on these simulations, it can be expected, that these changes in
the electrophysiological properties of cardiac implants lead to an alteration of the

electrical resistance and reactance within the § dispersion range.

4.4 Mathematical Correction of Tissue Impedance Results

In order to minimize effects of stray capacitances, measurement values were corrected
by estimating the parasitic capacitance from the suspectance of the measurement.
Buendia et al. defines a complex function for correction of measured data as shown in

(4.1),

1
) . 4.1
corr () meas(®) 1 - jwZmeas(@)Cpar o
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Figure 4.8: Computer simulation of a tissue rejection process: (a) Real and (b) imaginary part
of simulated electrical impedance for healthy and rejected tissue. Changes in tissue integrity
are visible at characteristic frequencies in imaginary and real impedance spectrum.

where Z;,,r and Z,.,4s are the measured and corrected impedance respectively, w is
the frequency in the unit of radian and C,,,;, the parasitic capacitance, that is estimated
by the slope of the regression between frequency and suspectance as shown in Figure

4.9a. According to equation (2.10)

R  Jj@R*Cpar+ X +wX?*Cpar) N

Z, w)=R +jX =—+ 4.2
corr (W) corr Y JXcorr N N 4.2)

where N is defined as
N=1+2wXCpar +2(@XCpar)* (4.3)

Mathematical relations lead to equation (4.4) and (4.5) which solutions R, and

Xcorr are nothing else but the corrected resistance and reactance.

R (4.4)
S .

Reorr =
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Figure 4.9: Removing the capacitive leakage artifact from electrical bioimpedance measure-
ments in tissue (a) stray capacitance has been estimated to be appr. 400 pF and (b) shows the
result of correction function.

_ OR*Cpar + X+ 0X*Cpar
B N

(4.5)

This correction function is valid up to 600 kHz and therefor it should work fine with
our measurement setup. As shown in Figure 4.9b, the correction function does not
alter the reactance values below 10 kHz, where parasitic capacitance is negligible,
however at higher frequencies, measured reactance values could been succesfully

corrected, so that after correction, simulated and measured values converge very well

with each other.

4.5 Experimental Results of Impedance Spectroscopy

4.5.1 Invitro Impedance Spectroscopy of Mammalian Cells

As depicted in Figure 3.6, in order to establish a model to simulate the influx of im-

mune cells into a cardiac tissue, various concentration of Jurkat cells were embedded
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in a hydrogel and the impedance was measured using a 5 mA peak amplitude at fre-
quencies logarithmically spaced in the range of 10 Hz to 500 kHz. In this experiment,
hydrogel should replace the extracellular scaffold and simulate the structure and
integrity within a biological tissue, while the embedded cells simulate the influx of
immune cells during a rejection process. Figure 4.10a shows the measured impedance
averaged over the sweeped frequency range. Compared to a blank hydrogel, that has
an impedance of 57.22 + 0.78 Ohm, for a cell concentration of 107 cells per mL an
impedance of 136.92 + 3.08 Ohm was measured. At first sight, there also seems to
be a direct correlation between the impedance signal of the embedded Jurkat cells
with a limit of detection at about 10° cells per mL. However, as shown in Figure 4.10b
and 4.10c, there is no dispersion in the resistance signal and there is almost no re-
actance. Based on the theory and the simulation results as shown in Figure 4.8, in
the presence of an AC electrical field, distinct relaxation modes occur in multicellular
system, mainly due to interfacial polarization along membranes and ion fluctuations
within biofluids, that lead to a reactance signal within the kHz range. In this case, the
impedance signal is only influenced by the resistive properties of the hydrogel. At
high cell concentration between 107 and 10° cells per mL, higher resistance may be
caused just by volumetric changes of hydrogel due to a higher concentration in cells,
which again leads to a high impedance signal. Unfortunately, this model cannot be

used for the simulation of tissue infiltration by immune cells.

4.5.2 Exvivo Simulation of Tissue Degradation

To mimic changes in morphological tissue integrity experimentally, organ samples
were subjected to a freezing-thawing cycle to disrupt cell membranes. As seen in
Figure 4.11, the ex vivo impedance analysis correlates very well with the previous

simulation data shown in 4.8. On the one hand, Figure 4.11a shows that physical
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Figure 4.10: In vitro impedance spectroscopy of mammalian cells: (a) impedance results (a)
real part and (a) imaginary part of measured electrical impedance of various cell concentra-
tions.
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decomposition of tissue based on freezing and sequential thawing resulted in a re-
sistance decrease from 2135.75 + 9.93 Ohm to 881.97 + 33.97 Ohm at a frequency
of 10 Hz. Similar decrease thus characteristic dispersion behaviour for intact and
compromised tissue was observable between 10 Hz and 300 kHz. In the frequency
range below 100 Hz the impedance sensing device was most sensitive for the resistive
part of tissue decomposition. At frequencies above 100 Hz the sensitivity was declin-
ing. At a frequency above 300 kHz no difference between intact and decomposed
tissue was observable for resistance. On the other hand, decrease in reactance due
to membrane disruption during tissue degradation was detectable in the frequency
range of 100 Hz to 300 kHz with a maximum sensitivity at 5 kHz corresponding to a
reactance drop from -518.32 + 11.29 Siemens to -45.91 + 3.78 Siemens as shown in
Figure 4.11b. Buffered saline solutions did not result in any characteristic dispersion.
This means that the freezing protocol can effectively simulate tissue degradation
resulting in disruption of cell membranes thus dielectric properties of tissues. This
characteristic is well known in the scientific community and has already been used

especially in food sciences and engineering [Wu et al., 2008].

4.5.3 Enzymatic Degradation of Tissue

To compare physical with biochemical degradation processes, chicken heart samples
were subjected to enzymatic digestion for 24 hours using a sterile trypsin containing
NaCl solution as depicted in Figure 3.7. In the course of trypsinization, heart tissue
samples exhibit characteristic alteration in the impedance spectra caused by the
degradation of cell membranes and both morphological and compositional changes
within intra- and extracellular space. Figure 4.12 shows the impact of enzymatic
degradation on the electric properties of chicken heart samples with a decrease of

resistance over the whole frequency range from 10 Hz to 500 kHz with the highest
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Figure 4.11: [Experimental simulation of changes in morphological integrity of chicken heart
tissue: (a) Real and (b) imaginary spectra of measured electrical impedance for fresh and
treated tissue samples. (c) and (d) show an average of resistance and reactance of measured
freeze-treated samples at charactersitic frequencies of 100 Hz and 5 kHz, respectively. (n=4)

amplitude around 100 Hz. Even at a frequency of 500 kHz, a difference in resistance
between non-compromised and enzymatically digested tissue was detectable. For
reactance, the highest sensitivity was observable at 5 kHz and decomposition was
readily detectable up to 500 kHz. Overall, change in reactance upon enzymatic degra-
dation of tissue was detectable above 100 Hz, which is on close relation to the results
obtained for freeze-treated heart samples as shown in 4.11. Compared to the saline
solution controls, both tissue decomposition strategies are corresponding well with
simulation data and the sensing device can readily distinguish between healthy and

compromised organ tissue.
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Figure 4.12: Enzymatic degradaton of chicken heart samples: (a) Real and (b) imaginary part
of measured electrical impedance for fresh and treated tissue samples.

4.5.4 Continuous Monitoring of Morphological Tissue Integrity

Figure 4.13a and b show three-dimensional spectra of resistance and reactance over
frequency and time. Gradual decline of resistance and capacitive reactance was
observable at a characteristic frequency of 100 Hz and 5 kHz, respectively, being in
line with previous results employing both computer simulation and freeze-treatment
as well as enzymatic decomposition. Decline in resistance can be monitored over the
whole frequency range, whereas for reactance frequencies below 100 Hz result in a
flatline like values for saline solutions. At 100 Hz resistance declines from 670.80 Ohm
to 133.30 Ohm. At 5 kHz capacitive reactance decreases over 24 hours from 127.47 +
Siemens to 3.36 + Siemens. In addition, Figure 4.13c shows the decline in reactance in
a biological tissue for a dynamic enzymatic decomposition process over a period of 24

hours compared to a blank trypsin solution without any capacitive membranes.

Even though an enzymatic decomposition of heart tissue might not be entirely com-
parable with a cardiac rejection process, continuous monitoring of changes in mor-
phological tissue integrity is a necessary feature in order to detect signs of an onset of

rejection.
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Figure 4.14: Variation of impedance signal within the same tissue sample: (a) real and (b)
imaginary impedance spectra of chicken heart sample measured on various sensor positions
in tissue and (c) real and (d) imaginary impedance of measured electrical impedance in
various chicken heart samples. (n=5)

4.5.5 Deviation in Impedance Results

In order to evaluate whether the position of the sensor in tissue has an influence on
the impedance results, the exact same tissue sample was measured using the same
electrode setup several times on different positions. As shown in Figure 4.14a and b,
there is just a negligible standard deviation in both real and imaginary impedance
spectra of a chicken heart sample measured on various sensor positions. This may
have been caused by a slightly variation in heart tissue structure and by the local tissue

damage caused by the electrode itself. Although a slightly deviation was expected
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due to a variation in size an age of the samples, a surprisingly high deviation between
chicken heart tissue samples with almost identical properties was found in both
real and imaginary part of the impedance signal as shown in Figure 4.14c and d,
respectively. In spite of the high deviation, a characteristic § dispersion is still apparent.
The resistance of a biological tissue is mostly influenced by the extracellular passive
electrical properties at lower frequency and therefor, at frequencies below 1 kHz, there
is a high deviation of resistance, whereas the imaginary part is predominantly affected
by cell membrane and gap junction reactance, that is based on previous simulation
results shown in 4.8, highly sensitive at about 1 kHz. On one hand, it should be noted
that the sensor will be implemented at the time of transplantation and there is neither
an intention to differentiate between different tissue samples, nor will the sensor
be moved once implanted. On the other hand, these results support the premise
that passivated electrical impedance spectroscopy is highly sensitive to even small

structural diversities in tissue properties.

4.5.6 Invivo Myocardial Impedance Analysis

As can be seen in Figure 3.8, implantation of sensor prototype in a beating heart was
succesfuly performed. However, despite the flexible substrate and a careful surgical
operation, due to an excessive beating movement and a measured heart rate of over
90 bpm, the electrodes have still caused a considerable tissue damage, that has lead
to minor bleeding. We must keep in mind, that any alteration in morphological tissue
integrity may affect measured myocardial impedance and therefor, a damage caused
by the sensor itself should be minimized. Nevertheless, Figure 4.15a and b show
spectra of measured in vivo myocardial resistance and reactance over a frequency
sweep from 100 Hz to 1 MHz in a beating heart. It can be easily recognized, that

the Keysight LCZ meter, which has been used during measuring in vivo myocardial
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Figure 4.15: Results of in vivo myocardial impedance measurement over a frequency sweep
between 100 Hz and 500 kHz: measured in vivo (a) real and (b) imaginary impedance. (c) and
(d) show both corrected real and imaginary part of measured electrical impedance.

impedance, has a discernible influence on both resistance and reactance results
at frequencies below 5 kHz leading to obviously unfeasible results within this area.
Compared to previous results in Figure 4.12 and Figure 4.11, this can be seen as an
instrument error. Figure 4.15c and d show the corrected spectra of in vivo myocardial
resistance and reactance, respectively. Results below 5 kHz were excluded and results
were corrected using a correction function, that has been explained in detail in Chapter
4.4. Despite the cut-off in measurement values at lower frequencies, in Figure 4.15c, a
developed g dispersion can be found with a decrease of resistance from 161,34 Ohm
to 63,35 Ohm over the corrected frequency range. These values are slightly lower

than previous measurement results in Figure 4.12 and Figure 4.11, however based
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on the variation, that has been shown between various samples in Figure 4.14, these
results seem to be acceptable. In Figure 4.15d, a characteristic peak was detectable
with a maximum sensitivity at 100 kHz corresponding to a peak value of -288.99
Siemens, compared to both previous in silico simulation and ex vivo tissue impedance
experiments, where the maximum in reactance was detected at 5 kHz. Both in vivo
resistance and reactance seem to be shifted towards higher frequencies, that may
be also based on the fact, that another instrument was used for these experiments.
In general, beside the additional mechanical stress, heart beating does not seem to

affect myocardial impedance values. In order to evaluate whether a non-drifting in
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Figure 4.16: Results of continuous in vivo myocardial impedance measurement at 10 kHz:
measured in vivo (a) real and (b) imaginary impedance. Due to computation reasons, seperate
single measurements have been jointed together in order to maintain a time-resolved spectra.
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vivo myocardial impedance analysis was possible in a beating heart, a continuous
measurement was performed at 10 kHz!. Based on computational reasons, three
single impedance measurement results have been jointed together. Since there was
no break between these measurements, these spectra presented in Figure 4.16 can be
seen as continuous. However, as can be seen after 11 and 18 minutes, outliers appear
within both resistance and reactance spectra, that are clearly associated with triggering
anew impedance measurement and hence sudden changes in voltage. In Figure 4.16a,
resistance shows a slightly increase after implantation of the sensor, that may be based
on the physical damage and bleeding caused by the cardiac surgeon. Right after the
surgical intervention, the implanted sensor is immersed in and surrounded by blood,
that has a high concentration of ionic compounds that artifically lower electrical
impedance signal. After some minutes, the bleeding was stopped and a continuous
myocardial signal was detected. There is a sligtly drifting and decline in resistance
signal over time, that may be caused by heart beating and a continuous tissue damage
and bleeding during measurement. Unfortunately, the experiment was performed at
10 kHz instead of the shifted optimal frequency of 100 kHz and therefor, a very low
reactance signal was detected as shown in Figure 4.16b, that cannot be used for any
further investigation. However, based on the results in Figure 4.15, a much higher

reactance signal can be expected at 100 kHz.

ISince based on the previous results, a peak in reactance signal between 1 and 10 kHz was expected,
there has been no in vivo measurement performed at 100 kHz, unfortunately.
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Conclusions and Future Work

Heart failure is the largest cause of hospitalization and for many of those patients,
there is no other option left, but to undergo a heart transplantation. An implantable
biosensor for transplant rejection would provide for the first time the opportunity
to continuously assess transplant performance over long periods of time and might

replace endomyocardial biopsies permanently.

Based on its widespread and successful application in medical implants and the
intention to detect and monitor cardiac graft rejection over a long period of time,
passivated titanium electrodes with an insulating dioxide surface were successfully
fabricated using a thermal passivation technology. In order to meet the requirements
of a flexible implant, that resist an extraordinary mechanical stress of contraction
events and fits the curvilinear surface of anhuman heart, inkjet printed bendable
circuits on a PDMS substrate were succesfully used to replace conventional wiring
of the implanted sensor. In addition to its biocompatible properties, using a PDMS
based device with a linear array of four electrodes with a constant interelectrode dis-
tance in a tetrapolar configuration, electrode/tissue interface impedance could been

minimized by a complete sensor isolation, that results in a physical removal of the
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impedance electrodes from the liquid sensing environment and therefor eliminates
ohmic contributions, bubble formation and electrode polarization events providing a
non-drifting measurement condition over a long period of time. In scope of this thesis,
no long-term experiments could been carried out, hence this hypothesis should to
be examined in a long-term in vivo animal test over weeks. In addition to that, also
long-term biocompatibility studies are desirable in order to analyze encapsulation
processes of the sensor and healing of surgical damage, that may be caused during
implantation of the device. During in vivo experiments, a minor injury and bleeding
of the myocardial tissue were visible that may be caused by the electrode itself in
a beating heart. In order to reduce this in vivo tissue injury, an even more flexible,
titanium dioxide coated, polymeric microneedle electrodes have been proposed for

further development.

In the course of cardiac rejection, myocardial tissue exhibits characteristic changes in
the electrical impedance spectra mainly caused by the inflammatory infiltration of
immune cells and both morphological and compositional changes within the intra-
and extracellular space, that is based in based on distinct relaxation modes that oc-
cur in a multicellular system. Using passivated electrodes, discrete and continuous
myocardial tissue impedance results with a sufficient accuracy could been achieved
with respect to all necessary safety requirements. Developing the presented sensing
device employing biocompatible electrodes, we achieved to detect similar changes in
tissue characteristics and clearly distinguish between normal and alterated morpho-
logical tissue integrity. The amount of decrease in capacitive reactance within the f
dispersion region is a straightforward and effective method to detect these electro-
physiologically changes and therefor it makes sense to use this technology in order to
monitor acute and chronic cardiac allograft rejection without any additinal surgical

invasive treatment. Even though in vivo myocardial impedance analysis results were

70



negatively affected by instrumental errors, it could been shown, that a satisfactory and
stabile results could been achieved using passivated electrodes in a contracting heart.
In order to impedimetrically map a single cardiac cycle, that may be an interesting
feature in order to analyse rejection processes, an adequate amont of measurement

points and hence a sample rate below 30 ms are necessary.

The ability to differentiate between healthy and pathological tissue environment is
just the minimum requirement for analyzing a rejection process. Additionally, we
were also able to continuously and impedimetrically monitor structural changes in
morphological tissue integrity over time, which is a key advantage compared to the
current golden standard. Even though there was no exact in vivo or in vitro rejection
model available in scope of this work, both physical and biochemical degradation
processes resulting in a disturbed and alterated tissue environment have showed
detectable electrophysical changes, which are comparable with expected results in a

rejected tissue.

In order to answer remaining scientific questions, we envision applying the presented
impedimetric sensing device for tissue rejection monitoring in a rabbit in vivo model.
Since wired electrode connections are a frequent problem in animal studies and test
subjects need to be sedated during the experiment in order to avoid self-harm of the
animals by scratching, a replacement of the conventional wired connections to the
analysis system are necesarry through RFID technology for wireless communication
between the sensing device and the impedance measurement unit. Based on the
ability to continuously monitor the status of an implanted heart, the efficacy of a
medical treatment by using immunosupressors may also be evaluated through the

proposed passivated impedance technology.
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.\ Appendix

A.1 List of Materials

Table A.1: List of Equipments

3

Label

Manufacturer

© 0 N O G Wi -~

[S . —
= o

— b
Ol = W N

VMP3/P-01 Potentiostat
E4980AL Precision LCR Meter
Supra40 SEM

Lab centrifuge

Spin Coater

Dimatix inkjet printer 2831 series
Digital multimeter IDM67

Air plasma system

CNC laser cutter

Mini incubator

CO2 Incubator

Fridge, cell culture media
Pipettes, P20, P100, P1000
Heating magnetic stirrer
Laminar flow hood

Bio Logic, France

Keysight, USA

Zeiss, Germany

Eppendorf, Germany

Laurell Tech. Corp., USA
FujiFilm, Japan

Isotech, Austria
BlackHole-Lab, France
Universal Laser Systems, USA
Labnet, USA

Binder, USA

Gorenje, Slovenia

Gilson, USA

UniEquip, Germany

Thermo Fisher Scientific, USA
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Table A.2: List of Chemicals

# Label Manufacturer

1  Titanium wire, Grade 1 (99.5 %) 0.49 mm  Solution Materials, USA

2 Potassium hexacyanoferrate(Il) trihydrate Sigma-Aldrich, Germany

3 Phosphate-Buffered-Saline 10X, pH=7.4 Sigma-Aldrich, Germany

4 PDMS Sylgard 184, Dow Corning, USA
5  (3-mercaptopropyl)trimethoxysilane abc GmbH, Germany

6 HCl Sigma-Aldrich, Germany

7  Tetrahydrofuran Sigma-Aldrich, Germany

8 2-Propanol Sigma-Aldrich, Germany

9  Silver conductive ink ANP Silverjet DHP 40LT-A, South Korea
10 Conductive silver paste Sigma-Aldrich, Germany

11 Sodium chloride 99 %, AR grade Sigma-Aldrich, Germany

12 Jurkat cell line, ATCC, TIB-152 Ertl Group, Austria

13 RPMI 1640 media BioWhittaker, USA

14 Fetal calf serum Biowest, USA

15 Antibiotic-antimycotic solution Biowest, USA

16 Trypsin solution Sigma-Aldrich, Germany

A.2 Python Codes for Keysight E4980AL

A.2.1 Logarithmic Frequency Sweep

import visa

import numpy as np

from matplotlib import pyplot as plt
import re

import sys

import os

def print_usage(Q):

print ("Correct usage:")
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print ("
print ("
print ("
print ("

print ("

default:")
frequency_sweep_impedance.py file_name")
file_name: name of file to store data")

custom:")

frequency_sweep_impedance.py file_name fi ff voltage

num_of_samples")

print ("
print ("
print ("
print ("
print ("

exit ()

file_name: name of file to store data")
fi: initial frequency")

ff: final frequency")

voltage: fixed voltage")

num_of_samples: number of samples to average")

if len(sys.argv) != 2 and len(sys.argv) != 6:

print_usage()

file_name
if os.pat
print ("Fi
overwrite
if overwr

exit ()

fi = 20

ff = 2000

voltage =

= sys.argv[1]

h.exists(file_name):

le already exists: " + file_name)
= raw_input ("Overwrite? (y/n) ")
ite = "y":

0.1
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num_of_samples = 1

if len(sys.argv) ==

fi

int (sys.argv([2])

ff

int(sys.argv[3])
voltage = float(sys.argv[4])

num_of_samples = int(sys.argv[5])

rm = visa.ResourceManager ()
inst = rm.open_resource(rm.list_resources() [0])
print ("Connected to: ")

print (inst.query("*IDN?"))

samples_per_decade = 30

log_fi = np.logl0(fi)

log_ff

np.loglO(ff)
decades = log_ff - log_fi

freq_list = np.logspace(log_fi, log_ff, num = decades*samples_per_decade)

print ("Starting a frequency sweep from " + str(freq_list[0]) + "-"

+ str(freq_list[-1]))

inst.write(":VOLTage:LEVel " + str(voltage))

print("Voltage set to: " + str(voltage))

[]

r_list
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x_list = []
z_list = []
d_list = []

for freq in freq_list:

r_samples = []
x_samples = []
z_samples = []
d_samples = []

for i in range(num_of_samples):
inst.write(":FREQuency:CW " + str(freq))
inst.write(":FUNCtion:IMPedance:TYPE RX")
inst.write(":TRIGger:IMMediate")

#imped = inst.query(":FETCh:IMPedance:CORRected?")
rx = inst.query(":FETCh:IMPedance:FORMatted?")
#print (imped)

m = re.search("(.+),(.+),.+", rx)

if m:

# By experimentation units are in ohms

r = float(m.group(1))

x = float(m.group(2))

r_samples.append(r)
x_samples.append (x)
else:

print ("Unrecognized output: " + str(rx))

exit()
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inst.write(":FUNCtion:IMPedance:TYPE ZTD")
inst.write(":TRIGger:IMMediate")

ztd = inst.query(":FETCh:IMPedance:FORMatted?")
#print (imped)

m = re.search("(.+),(.+),.+", ztd)

if m:

# By experimentation units are in ohms

z = float(m.group(1))

d

float(m.group(2))

z_samples.append(z)

d_samples.append(d)

else:

print ("Unrecognized output: " + str(ztd))

exit ()

r_list.append(np.mean(r_samples))
x_list.append(np.mean(x_samples))
z_list.append(np.mean(z_samples))

d_list.append(np.mean(d_samples))

f = open(file_name, "w")
f.write("Frequency, R, X, Z, Phase\n")

for i in range(len(freq_list)):

f.write(str(freq_list[i]) + ", " + str(r_list[i]) + ", "
+ str(x_list[i]) + ", " + str(z_list[i]) + ", " + str(d_list[i]) + "\n")
f.close()
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fig, axl = plt.subplots()

ax1

axl.

axl.

axl.

ax2

ax2.
ax2.

ax2.

plt.
plt.

plt.

.scatter(freq_list, r_list, label="real", color="b")
set_xlabel(’Frequency (Hz)’)
set_ylabel("Ohms", color="b")

tick_params(’y’, colors="b")

= axl.twinx()
scatter(freq_list, x_list, label="imag", color="r")
set_ylabel("Siemens", color="r")

tick_params(’y’, colors="r")

xlim(fi, ff)
xscale("log")
show ()

A.2.2 Continuous Impedance Spectroscopy at a Choosen Frequency

import visa

import numpy as np

import re

import sys

import os

import datetime
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def print_usage(Q):

print ("Correct usage:")

print(" continuous_impedance.py frequency file_name")
print (" file_name: name of file to store data")

exit()

if len(sys.argv) != 3:

print_usage()

freq = sys.argv[1]

# Do not overwrite a file if it already exists
file_name = sys.argv[2]
if os.path.exists(file_name):
print("File already exists: " + file_name)
overwrite = raw_input("Overwrite? (y/n) ")

n

if overwrite != "y":

exit()

voltage = 0.1

num_of_samples = 1

rm = visa.ResourceManager ()
inst = rm.open_resource(rm.list_resources() [0])
print ("Connected to: ")

print (inst.query ("*IDN?"))
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inst.write(":VOLTage:LEVel " + str(voltage))

print("Voltage set to: " + str(voltage))

inst.write(":FREQuency:CW " + freq)

print ("Frequency set to: " + freq)

r_samples = []
x_samples = []
z_samples = []

d_samples = []

# Open file for writing

f = open(file_name, "w")

f.write("Timestamp, Frequency, R, X, Z, Phase\n")
# Loops forever, must be killed using ~C

while True:

for i in range(num_of_samples):
inst.write(":FUNCtion:IMPedance:TYPE RX")
inst.write(":TRIGger:IMMediate")

#imped = inst.query(":FETCh:IMPedance:CORRected?")
rx = inst.query(":FETCh:IMPedance:FORMatted?")
#print (imped)

m = re.search("(.+),(.+),.+", rx)

if m:

# By experimentation units are in ohms

r = float(m.group(1))
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x = float(m.group(2))
r_samples.append(r)

x_samples.append (x)

else:

print ("Unrecognized output: " + str(rx))

exit()

inst.write(":FUNCtion:IMPedance:TYPE ZTD")
inst.write(":TRIGger:IMMediate")

ztd = inst.query(":FETCh:IMPedance:FORMatted?")
#print (imped)

m = re.search("(.+),(.+),.+", ztd)

if m:

# By experimentation units are in ohms

z = float(m.group(1))

d

float(m.group(2))

z_samples.append(z)

d_samples.append(d)

else:

print ("Unrecognized output: " + str(ztd))

exit()

# Write timestamp
f.write(str(datetime.datetime.now()))
f.write(", ")

f.write(str(np.mean(r_samples)))
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write(", ™)
.write(str(np.mean(x_samples)))
.write(", ")
.write(str(np.mean(z_samples)))
.write(", ")
.write(str(np.mean(d_samples)))

.write("\n")

.close()
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