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ABSTRACT

A key element in mitochondrial metabolism, the synthesis of adenosine triphosphate (ATP), is
driven by an electrochemical potential and a proton concentration gradient across the inner
mitochondrial membrane. The electrical properties of mitochondrial suspensions thus provide vital
information into internal metabolic processes. This study reports on measurements of frequency- and
time-dependent electrical impedance of mitochondrial suspensions as a non-invasive and label-free
method of probing mitochondrial membrane potential, and other aspects of mitochondrial activity. We
designed and fabricated an effective and sensitive probe to study changes in electrical properties of
live mitochondrial suspensions involving basic bioenergetic respiratory protocols, to monitor the
activity of the electron transport chain. Several substrates, inhibitors, and uncouplers were used to
stimulate the electron transport mechanism in mitochondria, and study the oxygen consumption
changes. These observed oxygen consumption changes were correlated with measured impedance
changes of mitochondrial suspensions of various concentrations, by studying their dielectric properties.

Our measurements of complex impedance were used to calculate relative dielectric
permittivity and conductivity of mitochondrial suspensions, and to obtain admittance data that allowed
analysis of the effects of interactions between substrates and mitochondria. Our results indicate that
changes in relative dielectric permittivity for mitochondria in the presence of pyruvate and malate
correlate with the increased oxygen intake of mitochondria. Our findings show that these two
substrates, which trigger activation of the electron transport chain and increase the membrane
potential, are shown to increase the effective relative dielectric permittivity, correlating with the
expected membrane potential change. Thus, an impedance sensing method can be adapted for in-vitro
studies of biological processes, such as those that take place within mitochondria. The method
discussed in this dissertation could eventually be developed into tools that monitor mitochondrial
diseases and dysfunction, and help enable development of treatment methods, such as new drugs that

target metabolism.



TABLE OF CONTENTS

DEDICATION . . it e e s e et e e s e e e ss e e e e sat e e e seeeenbeeeeneeeaseeeanneeennneeenn ii
ACKNOWLEDGMENTS ...ttt sttt sa sttt ene s snens iii
F N 1 3 I 2 A 2 SRS Y
(I ST IO L 1N = I viil
LIST OF FIGURES ..ottt sttt sttt neens iX
L INTRODUGCTION. ...ttt e e et e s b e e et e e e b e e atee e s saeeanaeeansnas 1
1Y 10 1Y U o o RSSO 1
1.2 Electrical Properties of Biological Materials..............ccccovveiiiieiieiicic e 3
1.3 Electrical IMpedance StUdIES .........coviiiieiiece e 4
1.4 ODJECtiVES ANA GOAIS ....o..eiiiiiiiiiiiee e 5
1.5 DiSSertation OVEIVIEW. ........ccveieiiieiiesie sttt sttt sttt st st sbe b sne s nes 6
2. MITOCHONDRIA AND MEMBRANE POTENTIAL STUDIES.........cccooeiviiiieiann, 7
2.1 Mitochondrial Structure and FUNCEION...........o.iiiii e e, 7

2.2 Mitochondrial BIoenergetiCs..........c.oviviiiiiiiiiiiii i cevieeiesieeseeseesseeseeneenns 10
2.3 Mitochondrial Membrane Potential...........ccooeeieeii i, 18

3. MITOCHONDRIAL OXYGEN CONSUMPTION STUDIES ....cccceeieiiniininnnecnnens 21
3.1 MitOCNONAITAl DISEASES ......cuveueireiieiteiti ittt bbbt 21
3.2 Oxidative Phosphorylation STUIES..........cccuveiiiiiieiiece e 23

4. ELECTRICAL PROPERTIES OF BIOLOGICAL MATERIALS...........cccovviiieeiie 29
4.1 DIeleCtriC PREBNOMENA .....ccviiiiiiiieie et bbb 29
4.2 Dielectric Properties of Biological Materials............c.cccoeviiiiieiiiciie e 33
4.3 Dielectric Spectroscopy of MitOChONAITa .........cooveriiiieiiiinieceee e, 37

5. ELECTRICAL IMPEDANCE SPECTROSCOPY (EIS)...cccccocviiiiiirieiieieieeseseenen, 39
5.1 BASICS OF EIS ...ttt 39
5.2 EIBCIIOIVLICS ... 42
5.3 Interface Phenomena: The Electrical Double-layer............cccccoovevviiiiiienie e 43
5.4 Equivalent CirCUuit MOGEIS .........ooiiiiiieiic e 45
5.5 IMPedance MEASUIEIMENTS ........c..oiiiiiiriiiieiee ettt bbbt 50

6. EXPERIMENTAL METHODS AND RESULTS......ccoiiiiireeese e 53
6.1 Design and Fabrication of the Device and Test Leads..........ccccccvvvvvevieiieeiiesiee e 53

Vi



6.2 Test Cable and FixXture CaliDration .............. . eeeeeeeeeeneennen 56

6.3 Calibration of the Probe using Dielectric SOIUtIONS............ccccooeiienincneseee 69
6.4 Correcting the Polarization Impedance EffeCt...........cccooveviiieiieii e 74
6.5 Experiment with Isolated MitoChONAIia .........c.ooveiiiiiiieiee s 80
7. EXPERIMENTAL DATA ANALYSIS ...t 95
7.1 Relative Dielectric Permittivity ANAIYSIS .......ccccvveieiiieiieiece e 95
7.2 Effects of Substrates on Mitochondrial Membrane Potential ..............cccccovviiinnnen. 103
7.3 Admittance Based ANAIYSIS ........ccoiiiiiiiiieeere e 106
8. CONCLUSIONS AND FUTURE WORK ......occtiiiiiieieisie e 115
BIBLIOGRAPHY ...ttt sttt ettt saabe st s neens 117

vii



LIST OF TABLES

Relative dielectric permittivity changes when mitochondria/substrates were added to the
respiration buffer volume of 100 pl at 100 KHZ freqUENCY..........cooiriieieiiiniic e 98
Relative dielectric permittivity changes when mitochondria and buffer were added in
equivalent volumes to 100 pl respiration buffer at 100 kHz frequency .........cccocevcvvvinennne. 100
Relative dielectric permittivity changes when mitochondria/substrates were added to the

respiration buffer volume of 500 pl at 100 KHZ freqUeNCY .........cccoovveieieininenenecscins 102

viii



SERNEHRRBERR

CEECEREORERELSGRERNRERER

LIST OF FIGURES

Structure of the MItOChONAITON. .........oiiic s 8
The mitochondrial respiratory Chain..........ccccooi i 11
THE ATP CYCIB .ottt et e s e e s be et e e beesbe e steesteesteesteesreenreens 12
The complete CItriC CIU CYCI ....cviiicicce e s sreenre e 13
Protein complexes of the electron transport CRAIN............ccoeiiiiiieiccseee e 16
Structure of E. COli F1Fo-ATP SYNENASE. ......cviiiiiiiiiiiiieeee e 17
Bilayer lipid membrane with embedded proteins and sodium channels.............cccccocvveivenne 18
Mitochondrial diseases that affect numerous parts of the human body. .........c..cccccevviviennn. 21

Oxygraph exhibiting oxygen concentration and volume-specified oxygen flux as a function of

L] LT TP PP PP PP OUPTUPRPR 27
The polarographic study of oxphos using an oxygen electrode chamber.............ccccccoeveieinnens 28
Polarization in an electric fIeld..........covviiiiiie e 30
DielectriC diSPErSION FBOIONS ........iiiteieieiieiesi ettt 34
Complex impedance (Z) with a real part (Z") and an imaginary part (Z'). ....ccccoceeerveernenennn. 41
Reactance of electronic CIrCUIt EIEMENTS. ........ccoieiiiiiieee e 46
A simple electronic equivalent model for a mitochondrial SUSPENSION. ..........ccovevveveieiieriennnas 48
Four-electrode impedance measurement of @ Medium..........ccccovviiiii v, 51
Four-terminal CONFIGUIALION. ........cooiiiiiecic st sneas 51
Design of probe for impedance measurement in four-terminal configuration.............c............ 52
TwO-terminal CONFIGUIALION. ........ciiiiiieiciie e 52
The designed and fabricated probe to measure impedance of various mediums ...........c.......... 53
Schematic of the chamber in the respirometer, where the measured medium is placed ........... 54
Keysight E4990A IMpedance ANAIYZEN ........c.cociiiiiiiiiieieec st 55
The test leads designed for measurement in 2-terminal configuration.............cccccceveevveieennns 55
The 16334A tweezer contact fixture and COMPONENTS .......ccvevveiievieerieeie e 56
Bode plots showing calibration between the self-fabricated and standard fixtures................... 58
Nyquist plots showing calibration between the self-fabricated and standard fixtures............... 59
Theoretical and experimental Bode plots for |Z| for various values of resistors ..........c............ 61
Theoretical and experimental Bode plots for |Z| for various values of capacitors ................... 62
Schematic for @ SerieS RC CIFCUIL. .......oiiiieiiee e 63
Theoretical and experimental Bode plots for |Z| for series RC circuits with R = 100 kQ ....... 64
Theoretical and experimental Bode plots for |Z| for series RC circuits with R = 5.6 kQ) ........ 65

iX



Schematic for a parallel RC CIFCUIL.........ccooiiiie e e 66
Theoretical and experimental Bode plots for |Z| for parallel RC circuits with R = 100 kQ ....67
Theoretical and experimental Bode plots for |Z| for parallel RC circuits with R = 5.6 k()......68

Experimental setup using micro centrifuge tUbES..........ccocvvveii i 69
Bode plots obtained for impedance and phase measurements of DI water at 25 oC ................. 70
Nyquist plots obtained for impedance measurements of DI water at 25 oC .......ccccccevvveeennene 71
Experimental data plots for |Z| obtained for various dielectric solutions at 25 oC .................... 72
Experimental data plots for phase obtained for various dielectric solutions at 25 oC ............... 73

Impedance measurement data for absolute ethanol fitted to equation (6.7) with g, = 25.3.....75
Impedance measurement data for methanol fitted to equation (6.7) with &, = 33.0................ 76
Impedance measurement data for absolute ethanol fitted to equation (6.7) with &, = 18.2.....76

Impedance measurement data for the respiration buffer fitted to equation (6.7) at high

TTEOUEBIICIES ...ttt bbbt bbbt b bttt 78
Dispersion curves for the respiration DUFFEN ..........cooiiiiiiiic e 79
A sample of isolated MItOChONAIIA............cccoviiiiicice e 83
Experiment with isolated mitochondria performed in micro-centrifuge tubes .............ccccoc..... 83
Preparations of titrations of substrates followed in the protocol ..., 84

|Z| data for suspensions with and without mitochondria, when various substrates were added

.................................................................................................................................................... 86
Phase data for suspensions with and without mitochondria, when various substrates were
16 0 [=To SRS TTOSPTRRRPN 87

Experimental dispersion curves for comparison of suspensions of isolated mitochondria and
yeast cells suspended iN DI WALET ........ccooiiirie et 88
Experimental dispersion curves for various volume fractions of isolated mitochondria
SUSPIENSIONS ...ttt ettt skttt skt bbb h kbbb s bbbt b et et e b s bbb e bt b bbb nn e 89
Experimental setup for measurements of impedance performed in parallel with oxygen
consumption measurements Using the reSPIrOMELEN ........cccccvvieiiieveie e 90
Experiment with isolated mitochondria performed in the chamber of the respirometer .......... 91
Step plot for impedance magnitude data for the mitochondrial suspension for a respiration
buffer volume of 2.2 ml at a frequency of 100 KHZ .........cccooeiiiiiiiiiiceec e 92
The oxygraphs correlating with impedance data ............cccocveveiiiicicc s 94
Changes in dielectric constant due to addition of different aliquots of isolated mitochondria

and various substrates to a respiration buffer volume of 100 ul at 100 kHz frequency ........... 98

X



S R g B B BEEGE

5

Changes in dielectric constant due to addition of 10 ul mitochondria and 10 ul equivalent
volume of respiration buffer, with various substrates, to a respiration buffer volume of 100 pul
at a frequency OF 100 KHZ...........cvoiiii e 99
Changes in dielectric constant due to addition of 100 ul mitochondria and 100 ul equivalent

volume of respiration buffer, with various substrates, to a respiration buffer volume of 100 pl

at a frequency OF 100 KHZ.........c.ooiiie i 100
Changes in dielectric constant due to addition of mitochondria and various substrates to 500 pl
respiration buffer at 100 KHZ frEQUENCY .......ccooiiiiiieiiiiiiriee e 101
Correlation between dielectric constant change and oxygen consumption rate.............c........ 105
Parallel configuration of conductance and capacitance for a mitochondrial suspension......... 106

Parallel configuration of admittances for a mitochondrial suspension with added substrates
PYFUVAte and MALALE .......cccueiieee et re e s re e nreenns 107
Real part of effective admittance for mitochondria, and pyruvate and malate for mitochondrial
VOIUME Fraction OF 0.09........coiiiii e nes 109
Real part of effective admittance for mitochondria, and pyruvate and malate for mitochondrial
VOIUME FraCtion OF 0.33......uiiiiiee et 109
Imaginary part of effective admittance for mitochondria, and pyruvate and malate for
mitochondrial volume fraction 0f 0.09..........ccoooi i 110
Imaginary part of effective admittance for mitochondria, and pyruvate and malate for
mitochondrial volume fraction 0f 0.33..........ccoiiiiiiie e 110
Relative dielectric permittivity calculated from admittance of effective admittance for

mitochondria, and pyruvate and malate for a mitochondrial volume fraction of

Relative dielectric permittivity calculated from admittance of effective admittance for

mitochondria, and pyruvate and malate for a mitochondrial volume fraction of

Conductivity calculated from admittance of effective admittance for mitochondria, and

pyruvate and malate for a mitochondrial volume fraction of

Conductivity calculated from admittance of effective admittance for mitochondria, and

pyruvate and malate for a mitochondrial volume fraction of

Xi



Chapter 1: Introduction

1.1 Motivation

Mitochondria play a key role in providing energy and in modulating the cell’s central
pathways and processes. The mitochondrion is called “the powerhouse of the cell,” and provides
chemical energy for cellular functions in the form of ATP (adenosine triphosphate), via oxidative
phosphorylation of ADP (adenosine diphosphate).

Oxidative phosphorylation occurs along the electron transport chain (ETC), a series of protein
complexes in the inner mitochondrial membrane. These protein complexes use energy from donated
electrons to pump protons, from the mitochondrial matrix to the intermembrane space across the inner
mitochondrial membrane, building up a proton concentration gradient and an electrochemical
membrane potential. During respiration, most of the oxygen breathed into the lungs is consumed at
complex 1V, otherwise known as cytochrome c¢ oxidase in the electron transport chain, providing a
correlation between electron transport and proton pumping mechanisms to the rate of oxygen
consumption. The proton concentration gradient and membrane potential drives ATP synthesis from
ADP and inorganic phosphate (Pi), within the ATP synthase enzyme (complex V). The electron
transport mechanisms are discussed further in chapter 2.

An impedance sensing method has been adapted for in-vitro studies of mitochondrial
processes of those that take place within the mitochondrion. Label-free biosensors provide a means to
probe biological micro-mechanisms by providing higher throughput, lower cost, and smaller sample
size. Mitochondrial dysfunction has been found to affect a vast array of diseases, including cardiac

diseases, diabetes, and neurodegerative diseases, as well as aging and cancer. The technique discussed



in this dissertation could eventually be developed into tools that probe mitochondrial diseases and
dysfunction, and help determine the effectiveness of treatment methods, such as new drugs targeting
mitochondria.

The mitochondrial membrane potential (Ay,,), plays a key role in driving ATP synthesis and
is a significant indicator of the health and state of functional mitochondria. Recent work of Prodan et
al. [1, 2], Bot et al. [3], and Mitra et al. [4] has shown that changes in cellular membrane potential
correlates with changes in impedance of cell suspensions. Frequency dependent studies of
mitochondrial suspensions can provide vital information on temporal changes that take place within

these mechanisms, and can be helpful for extensive studies for development of diagnostic treatments.



1.2  Electrical Properties of Biological Materials

Biological cells and tissues are characterized by frequency dependent dielectric properties with
a high permittivity at low frequency, which decays as the frequency increases. The relaxation
phenomena that take place at different frequency ranges in biological systems are results of the
underlying processes. Studies of biological systems based on their electrical properties enable
investigation of the response of living organisms to an applied electric field. All biological cells
contain intracellular fluids and are suspended in an extracellular fluid matrix, and respond with
complex frequency dependent electrical impedance that can be used as a biomarker to distinguish
between normal and abnormal tissue [5].

A generic circuit description of biological samples in suspension consists of an impedance of
the extracellular fluid, in parallel with a series combination of the membrane capacitance and
resistance of the intracellular fluid. The electrical components are given by a combination of relaxation
processes due to the polarization of the cell membrane suspending medium, and the polarization
between the suspending medium and the cytoplasm. The general behavior of biological samples
exhibit complex behavior. Here, the current passes through the extracellular fluid at low frequencies,
with the cell close to being an insulator. However, for higher frequencies, the capacitance is close to
being ideal and the resistance contribution is from both the extracellular and intracellular components.

In recent years, techniques of studying biological systems have emerged as an extremely
popular analytical technique for various biological applications that include characterization of
batteries, fuel cells, ceramics, coatings, semiconductors, sensors, and corrosion. Biological systems are
basic biochemical systems that respond to an applied electric field over a frequency range, and can be

used to obtain details of the minute processes taking place within their structures.



1.3 Electrical Impedance Studies

Electrical Impedance Spectroscopy (EIS) can be generically described as a method to study
electric or dielectric properties of materials under the influence of an electric field. Electrical
impedance signifies the “complex” resistance which resists the flow of electrons through a material,
and is important to understand fundamental microscopic processes in an experimental point of view.

The influence of an applied electric field to a biological system can be studied by analyzing
the response at a range of frequencies. An alternating electric field generates a dipole moment on
charges that arise due to the relative motion of particles. The impedance and phase angle are
measurable quantities that explain properties of the particles and medium of a biological system.
Impedance spectroscopy is a technique that relies on electrical measurement of resistance, capacitance,
and inductance, and the observed spectral data depend on equivalent circuits consisting of various
combinations of such electrical components that represent the biological mechanisms being studied.

The formula for the frequency dependent impedance is given by,

Z(w) = Z' +jZ", (1.1)

where Z' and Z"' are the real and imaginary components of impedance, respectively.

Mitochondrial membranes exhibit resistive and capacitive properties that can be compared
with electrical circuits. Analysis of impedance and phase for a frequency range can be used to evaluate
the resistive, capacitive, and inductive behavior of a biological medium, eventually explaining the

underlying transport processes and reactions in the medium.



1.4 Objectives and Goals

Mitochondria are organelles vital to the functionality of the human body. Numerous diseases
have been found to target mitochondria in different parts of the human body, some more common than
others. Diseases such as heart disease and diabetes are widespread diseases that have been found to be
linked to mitochondrial dysfunction. Complex diseases such as Alzheimer’s, Parkinson’s, cancer, and
others also involve impaired functionality of mitochondria.

Electrical impedance spectroscopy is a powerful capable technique of probing changes in
dielectric properties of suspensions, which can correlate with changes in mitochondrial membrane
potential [1, 2, 3, 6, 7].

The goals of this project are to: (1) study real-time impedance variations of mitochondrial
suspensions with frequency, and measure how impedance and dielectric response change with addition
of various substrates; and (2) correlate measured changes in dielectric response and conductivity with
changes in oxygen consumption rate, expected changes in mitochondrial membrane potential, and

other properties of the mitochondria, buffer, and added substrates.



1.5 Dissertation Overview

The remainder of this dissertation is organized in the following order. Chapters 2 and 3
provide a broad background into the study, by discussing the mitochondrial structure and function and
the theory of mitochondrial membrane potential with relation to oxygen consumption. Chapters 4 and
5 focus on electrical properties of biological materials and methods of electrical impedance
spectroscopy. Chapter 6 discusses the experimental methods with analysis and interpretation of data,

and chapter 7 provides the concluding remarks.



Chapter 2: Mitochondria and Membrane Potential Studies

2.1  Mitochondrial Structure and Function

Mitochondria are present in all eukaryotic cells, and are double-membrane-bounded organelles
that transform energy into forms that can be used to drive cellular reactions. In general, they occupy a
large portion of the cytoplasmic volume of eukaryotic cells, and play an essential role in energy
metabolism and evolution of complex mammals. These organelles represent a-proteobacteria, from
which they have originated 1.6 billion years ago [8]. Mitochondria have their own Mitochondrial DNA
(mtDNA) that encodes 37 genes in its proteins, while some genes involved in mitochondrial
metabolism are encoded by nuclear DNA (nDNA) [9].

Depicted as stiff, elongated cylinders with a diameter of 0.5 to 1 um, mitochondria closely
resemble bacteria, from which they evolved (Figure 2.1). They are mobile and flexible organelles,
constantly changing their shape and referred to as the powerhouses of the cell [8]. Mitochondria are
vital for cell survival, cell signaling, modulation of oxidative stress and maintaining cell apoptosis
(controlled cell death), and they are the primary source of adenosine triphosphate (ATP), an energy-
rich compound that drives most fundamental cellular functions. ATP is produced on a substantial scale
in the human body, amounting to around 50 kg per day in a healthy adult [10]. Most of the ATP
required for cellular functions is generated via oxidative phosphorylation (oxphos) in the ATP
synthase protein complex, from adenosine diphosphate (ADP) and inorganic phosphate (Pi).
Mitochondria also perform cell-specialized functions that are different from each other, depending on
each cell in the tissue or organism. For instance, cardiac cells have a high quantity of mitochondria due
to increased energy demand, and are responsible for approximately 6 kg of ATP to maintain its

function [11].
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Figure 2.1: Structure of the mitochondrion [12].

The mitochondrion is bounded by two highly specialized membranes that create two separate
mitochondrial compartments: the internal matrix space, and an intermembrane space. The outer
membrane contains many transport proteins called porin, and is permeable to small molecules, by
forming large aqueous channels for transport. The inner membrane is highly-specialized, and contains
a fairly high portion of the double-phospholipid cardiolipin. This makes the membrane impermeable
to ions, while the transport proteins make it selectively permeable to small molecules that are required
to channel through the many mitochondrial enzymes in the matrix space. The inner membrane is
folded into numerous cristae, which are folds in the inner mitochondrial membrane, increasing its total
surface area, allowing more productivity from the mitochondria. Apart from the transport proteins that
regulate the passage of metabolites in and out of the matrix, the inner membrane contains a series of
principal proteins that carry out the oxidation reactions of the respiratory chain, and the synthesis of
the molecule ATP. The five protein complexes that make up the respiratory chain, (also known as the
electron transport chain) are essential to the process of oxidative phosphorylation, and for maintaining

the electrochemical gradient across the inner membrane, which is essential for driving ATP synthesis.



The intermembrane space is the space between the inner and outer mitochondrial membranes, and is
the space that necessarily allows protons to accumulate during the proton pumping mechanism of
oxidative phosphorylation. The mitochondrial matrix is the innermost compartment of the
mitochondrion, containing several highly concentrated enzymes and proteins that are essential for
energy production. These include enzymes required for the oxidation of pyruvate and fatty acids, and
for the citric acid cycle.

Mitochondria are highly dynamic organelles that form interconnected networks, whose
structure and biogenesis are vastly influenced by the requirements of a cell [13]. The cellular
distribution and shape of the mitochondrial network is supported greatly by regulating mitochondrial
division, fusion, motility and tethering. The in-depth study of these critical cellular structures and
processes is achieved by using isolated mitochondria, where mitochondria are extracted and purified
by mechanical homogenization and differential centrifugation [14, 15]. Mitochondrial research has
benefitted greatly from the accessibility of preparing organelles that can be isolated from tissues. The
pioneers George Palade and coworkers, developed a protocol to isolate mitochondria, and paved the
way for the extensive discoveries on mitochondrial biology, especially the chemiosmotic theory of
oxidative phosphorylation and the explanation of the tricarboxylic acid cycle and other cyclic

processes [14, 16, 17].



2.2  Mitochondrial Bioenergetics

Chemiosmotic theory is the fundamental mechanism of energy regulation in mitochondria,
where the oxidation of carboxylic acids utilizes the synthesis of ATP by oxidative phosphorylation in
the inner mitochondrial membrane. The respiratory enzymes embedded in the inner membrane of the
mitochondria first catalyze the oxidation reactions that generate an electrochemical gradient of protons
(H+ ions) across the inner membrane. The membrane-bound FiFo-type proton ATPase (or ATP
synthase) enzyme drives the endergonic reaction of producing ATP from ADP and Pi, using the energy
of this proton gradient. The chemiosmotic process of ATP generation takes place over several steps
[18].

The inner mitochondrial membrane contains a series of protein complexes that form the
electron transport chain (ETC), where high-energy electrons enable protons to be pumped across the
membrane, while generating a proton concentration gradient. This gradient generates a difference in
the pH between the matrix and the intermembrane space, which then modulates a molecular motor
FoF1 in the ATP synthase enzyme, to generate ATP by transporting H+ ions back into the
mitochondrial matrix. Figure 2.2 shows the process of oxidative phosphorylation, initiated by the
functional acetyl molecules in the citric acid cycle that produce NADH (nicotinamide adenine
dinucleotide) and FADH: (flavin adenine dinucleotide), the molecules that transfer highly energetic
electrons to protein complex | and complex Il. These highly energetic electrons then pass through the

protein complexes and coenzymes via the ETC, yielding water and ATP molecules.
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Figure 2.2: The mitochondrial respiratory chain. Image adapted from Biology Dictionary [19].

Adenosine triphosphate, widely known as ATP is one of the most important and versatile
carrier molecules in cells. ATP serves as a convenient storage of energy that drives numerous chemical
reactions in cells. The synthesis of ATP is an energetically unfavorable reaction, in which a phosphate
group is added to adenosine diphosphate (ADP), while ATP hydrolysis is energetically favorable and
breaks down to generate ADP and inorganic phosphate (Figure 2.3). Many chemical reactions such as,
the synthesis of biological molecules, active molecular transport across cell membranes, and the
generation of force and movement, are energetically unfavorable reactions that are driven by the

energy released during ATP hydrolysis, and coupled through enzymes.
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Figure 2.3: The ATP cycle. Hydrolysis of the highly energetic bond in ATP releases energy, forming
ADP and inorganic phosphate. Image adapted from Chemistry Libretexts [20].

A major part of the food we consume contains proteins, lipids, and polysaccharides, and must
be broken down into smaller molecules for cellular use. The first stage of catabolism is the breakdown
of these large macromolecules into smaller subunits. Enzymes play an important role in the breakdown
of, proteins into amino acids, polysaccharides into sugars, and fats into glycerol and fatty acids. The
second stage of enzymatic breakdown occurs in the cytoplasm of cells, where most of the carbon and
hydrogen atoms from the sugars are converted into pyruvate, and then enters the mitochondria,
converting to acetyl coenzyme A (acetyl CoA). The final stage in catabolism is the complete oxidation
of acetyl CoA to H20 and COz, and is the stage when most of the ATP is generated.

The key process in the second stage of catabolism is the sequence of reactions knows as
glycolysis. Glycolysis initiates aerobic oxidation of glucose, yielding two molecules of NADH, two
molecules of ATP and two molecules of pyruvate. The next step is the citric acid cycle (also known as
the tricarboxylic acid cycle, or the Krebs cycle) shown in Figure 2.4, where the acetyl groups from
acetyl CoA are oxidized to produce CO2 and NADH, ending with oxidative phosphorylation, where

the generated NADH reacts with molecular oxygen (O2) to produce ATP and Hz0 in a series of steps
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that rely on the electron transport mechanism in the mitochondrial membranes. NADH, a reduced
molecule of NAD- plays a central role in energy metabolism, and is a molecule with low stability and
a convenient source of readily transferable electrons.

The primary function of the citric acid cycle is oxidizing acetyl groups in the form of acetyl
CoA molecules produced from pyruvate. The carbon atoms of the acetyl groups are converted to COz,
while the hydrogen atoms are transferred to the carrier molecules NAD+ and FAD to convert them to
their reduced forms, of NADH and FADH2. The highly energetic electrons on these carrier molecules

will subsequently harness their energy through the reactions of oxidative phosphorylation.
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Figure 2.4: The complete citric acid cycle [21].
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Oxidative phosphorylation is the final step of metabolism, and the point at which most
metabolic energy is released. The carrier molecules produced during the citric acid cycle NADH and
FADHz, transfer the highly energetic electrons that were gained from oxidation of food molecules, to
molecular oxygen, forming H20. This reaction, releases a vast amount of chemical energy formally
equivalent to combustion of hydrogen in air to form water. It occurs in several steps by gradually
passing these highly energetic electrons along protein complex carriers in the electron transport chain.
This process enables the energy to be stored in molecules of ATP, rather than being lost to the
environment as heat.

The respiratory chain, also called the electron transport chain, is unique, and is where the
energetically favorable reaction of hydrogen forming water occurs, after hydrogen atoms are separated
into protons and electrons first. These electrons pass through a series of electron carriers in the
mitochondrial inner membrane, while they combine with protons transiently during several steps along
the way. These protons and electrons permanently combine at the end of the electron transport chain
by combining with an oxygen molecule, thereby producing a water molecule [8].

The electron transport contains four major mammalian respiratory complexes and the ATP
synthase complex enzyme. Electron microscopic imaging of individual electron transfer complexes
and structural data have led to detailed understanding of the electron and proton transfer mechanisms
involved in the respiratory chain. Each complex of the electron transport chain can exist in either an
oxidized form, in which it is capable of receiving a pair of electrons from another component, or in a
reduced form, in which a complex with a pair of electrons is capable of donating them to an oxidized
component [22]. When electron carrier molecules extracted from food molecules oxidize and transfer
highly energetic electrons to the electron carriers in the protein complex enzymes, the H+ removed
from the carrier molecules are coupled, and pumped across the protein complexes in the inner

mitochondrial membrane, from the matrix to the intermembrane space. These protons are thought to
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move across a protein pump embedded in the lipid bilayer membrane, by transferring from one amino
acid side chain to another, following special channels across the protein.

Complex I, also known as the NADH dehydrogenase complex (NADH:UQ oxidoreductase), is
the largest of the respiratory enzyme complexes, and is the complex that begins the electron transport
chain. Complex | accepts electrons from NADH and passes them through a flavin and several iron-
sulfur clusters (electron carriers in the protein complex that accept electrons) to ubiquinone, a small
hydrophobic molecule that is freely mobile in the lipid bilayer. Ubiquinone can combine with a proton
from the medium for each electron it accepts. The electrons carried by ubiquinone are then transferred
to complex 1ll, the cytochrome b-c1 complex. Cytochrome c, a single electron carrier in the inner
mitochondrial membrane, then transfers electrons from the cytochrome b-c1 complex to complex IV
(cytochrome c oxidase) as the final step of the ETC. In this step, reduced cytochrome c transfers an
electron to cytochrome ¢ oxidase, and four such electron transfers lead to the conversion of an oxygen
molecule to water.

Each of these complexes, I, 1l and 1V act as electron-transport-driven H+ pumps, and allow
passage for H+ in the mitochondrial matrix across the inner membrane into the intermembrane space,
increasing its H+ concentration, thereby generating a proton concentration gradient across the inner
membrane. Complex Il of the respiratory chain, the succinate dehydrogenase complex (succinate:UQ
oxidoreductase) also plays a unique role in setting the rate of respiration by accepting electrons
donated by succinate, an electron carrier molecule that is produced during the citric acid cycle. The
oxidation of succinate to fumarate is catalyzed through complex Il, where its prosthetic group flavin
(FAD) is reduced by accepting electrons and passing them on to the mediator ubiquinone, and
contributing electrons to the electron transport chain. However, in contrast with the other complexes,
electron transfer through complex Il is not coupled with proton translocation across the inner

membrane to generate the proton concentration gradient [8, 23].
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Peter Mitchell played a significant role in describing the chemiosmotic hypothesis, which
explains the link between the mitochondrial membrane potential generated by the proton pumping
mechanism of the electron transport chain, to ATP synthesis by the ATP synthase protein enzyme [16,
24]. The proton concentration gradient (or pH gradient) drives the H+ back into the matrix and OH- out
of the matrix, and thereby generates the effect of the electrochemical potential change (AV) across the
inner mitochondrial membrane, which attracts positive ions into the matrix and pushes negative ions
out. The constituent of both the proton concentration gradient (ApH) and the membrane potential
change (AV) is the electrochemical proton gradient across the inner mitochondrial membrane, which

generates a proton motive force (pmf) that is key to the synthesis of ATP.
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Figure 2.5: Protein complexes of the electron transport chain: the red lines indicate the electron
pathways across complexes and ubiquinone molecules, ultimately combining with oxygen to produce
water molecules. Image generated by molecular dynamic data structures from RCSB Protein Data
Bank [25].

Complex V, the ATP synthase (also known as the FiFo-ATPase) is the final component in the

oxidative phosphorylation process, and catalyzes ATP synthesis. The ATP synthase forms about 15%

of the total inner membrane protein and have similarly representative complexes present in chloroplast
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and bacterial membranes. The ATP synthase has two major subunits, Fo and Fi. The transmembrane
portion of the protein, the Fo subunit is a H+ carrier, while the F1 subunit is involved in the synthesis of
ATP, when protons are passed through this subunit down the electrochemical gradient. However,
when the two portions are separated, the F1 subunit goes into reverse to catalyze only ATP hydrolysis.
The ATP synthase is a reverse coupling device, and can either use the energy of ATP hydrolysis to
pump H+ across the inner mitochondrial membrane, or harness H+ flow down the electrochemical
gradient to generate ATP. The direction that the complex operates depends on the net-free energy
change of the coupled processes of H+ translocation across the inner membrane. Figure 2.6 shows the
structure of ATP synthase, which includes an assembly of two rotary motors with a shared common

rotor shaft, while being stabilized by an exterior stalk [26].
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Figure 2.6: Structure of E. coli FiFo-ATP synthase. There are three catalytic sites, situated at interfaces
of a- and B-subunits, where ATP is synthesized and hydrolyzed. Image generated by molecular
dynamic data structures from RCSB Protein Data Bank [38] and adapted from Weber et al. [27].
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2.3  Mitochondrial Membrane Potential

A cell membrane is a dynamic entity that controls the interior components of the cell by
controlling the membrane permeability. A membrane has selective permeability to ions, displaying its
properties as an electrochemical membrane. A cell membrane is composed of a bilayer lipid
membrane (BLM) with parallel embedded protein and ionic channels (Figure 2.7). A membrane
potential rises from a difference in electrical charge on the two sides of a membrane. Active

electrogenic pumping and ion diffusion can cause this difference in charge [28].
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Figure 2.7: Bilayer lipid membrane with embedded proteins and sodium channels. Image adapted from
Grimnes et al. [28].

For mitochondria, the charge difference across the inner membrane is generated by

electrogenic H+ pumps that allow accumulation of H+ ions during the electron transport chain. The
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mitochondrial membrane potential (Ay,,), the electrochemical potential difference generated by the
proton pumps through complexes I, 1l and IV during oxidative phosphorylation, is an essential
component for the intermediate storage of energy. The transmembrane proton gradient (AuH*) that
contributes in providing the energy for the synthesis of ATP is a combination of the proton gradient
across the inner mitochondrial membrane (ApH,,), and the mitochondrial membrane potential (Ay,,).
The transmembrane proton gradient is expressed by the equation:

AuHY = —FM,, + 2.3RTApH,p, (2.1)

where F is Faraday’s constant, R is the universal gas constant, and T is the absolute temperature.
The “protonmotive force” is also directly proportional to the free energy change, AuH™,
where,

Ap = Ay, — 59ApH (2.2)

where F is the Faraday’s constant. A higher Ay, postulates a higher energy capacity of the inner
mitochondrial membrane, and increases the synthesis of ATP. Although the inner membrane is an
excellent electrical insulator, the high electric field is difficult to maintain with the various membrane
proteins that are capable of transporting different solutes across the membrane, creating ion leaks
across the inner membrane that exponentially change depending on Ay,,,. An optimal value of Ay, is
required to be maintained across the membrane, since high Ay, can lead to significant generation of
reactive oxygen species (ROS), while extremely low values of Ay, can lead to the insufficient ability
of the mitochondria to produce ATP [29, 30, 31]. The depolarization and opening of an ion channel
can cause the mitochondria to release or accumulate unwanted substances, including some cations that
are vital for maintaining the potential balance across the membrane. However, the time period a

mitochondrion stays in a state of depolarization is a critical factor. Short episodes of depolarization
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may not lead to significant changes in mitochondrial functioning, while depolarization prolonged for
an appropriately longer time can lead to death of the mitochondrial functionality [32, 33].

Measurements of Ay, can be made by studies of suspensions of mitochondria, where most
often changes in the energization of these structures, cause changes in the incubation medium, and can
be probed. Measurements are often made using selective electrodes, such as TPP+-sensitive electrodes,
voltage clamping methods, and using fluorescent probes that carry delocalized positive charge [34, 35,
36, 37].

The patch clamping technique allows the study of a single or small number of ion channels,
where a thin glass or quartz pipette with a blunt end is sealed onto the membrane. By applying suction
and high-resistance seal, this method allows ions fluxing the membrane patch to flow into the pipette
and are recorded by an electrode. Although there are advantages, this method has a low throughput and
is less efficient [37, 38].

Fluorescent methods are more optical based methods that use voltage sensitive dyes to observe
the changes in ionic currents that flux across channels in the membrane. This method has a relatively
higher readout, however has an issue with dye calibration leading to problematic determination of the
membrane potential.

Mitochondrial membrane permeability is a vital component in cell function related to survival
and apoptosis. Disregarding the morphology of the cell or its functionality, the membrane potential
plays an even significant role in controlling the permeability and ion transfer across it. Ay, has a role
in the enhanced generation of reactive oxygen species, which can induce mitochondrial damage as
well. Increased membrane potential enables generation of reactive ion species accumulation, by
generating ATP synthase inhibitors such as oligomycin, that disrupt the oxidative phosphorylation
mechanism, leading to unstable energy mechanisms in the mitochondria. Thus, we can clearly
illustrate a scheme of diagnostic markers for cellular pathophysiology by studying mitochondrial

membrane potential [2, 39].
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Chapter 3: Mitochondrial Oxygen Consumption Studies

3.1 Mitochondrial Diseases

The principal function of the mitochondria is the generation of ATP by oxidative
phosphorylation. However, the mitochondria are also vital for cell apoptosis (also understood as
controlled cell death), cell signaling, as mediators protecting the cell, modulation of intracellular Caz+
fluxes, balancing of oxidative stress by generation of ROS (reactive oxygen species), and aging, as
well as numerous diseases. Research studies have indicated that many serious diseases such as
Alzheimer’s, Parkinson’s, Pearson’s syndrome, and also diabetes, heart disease, genetic diseases, and

psychiatric disorders have been linked to the dysfunction of mitochondria [40 - 50].
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Figure 3.1: Mitochondrial diseases that affect numerous parts of the human body. Image adapted from
Suomalainen et al. [51].
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The distinction between healthy mitochondria, and dysfunctional or abnormal mitochondria
can be marked via mitochondrial membrane potential. The membrane potential, explained thoroughly
in chapter 2, is able to indicate the energetic state and permeability of normal cells [52 - 55]. Some
studies have established that mitochondria of malignant phenotypes have much lower ATP synthesis
rates and lower hydrolysis capacity [56, 57]. Thus, studies of membrane potential are a promising step
to developing tools that provide biomarker capabilities. It is widely believed that the permeability of
the mitochondrial membrane plays a decisive role in the survival of the cell, and regulates apoptosis,
irrespective of the cell morphology and functionality.

Mitochondrial dysfunction can be assessed by using isolated mitochondria, in vivo or in intact
cells, by precise control of experiments and understanding the relevance physiologically [58]. Several
methods have been utilized to study functional and dysfunctional properties of mitochondria. Studies
of measurement fluxes generally provide more information on the mitochondria’s ability to produce
ATP than by measurements of potentials and intermediate molecules that are generated. For isolated
mitochondria as well as intact cells, the best assay is studying the mitochondrial respiratory control
whereby titrations of external components provide the ability to identify the various sites in the
mitochondrial membranes where primary complex sites are affected. Studying and measuring oxygen
consumption rates offer a steady method of isolating each protein complex by controlling added

effective substrates, and observing how the functionality of mitochondria is affected.
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3.2 Oxidative Phosphorylation Studies

Peter Mitchell’s chemiosmotic theory explains the process of electron transport that occurs
across the electron transport chain, while hydrogen ions are transferred to the intermembrane space
[16]. As explained in section 2.2, the resulting difference in proton (hydrogen ion) concentration and
the generation of the membrane potential across the inner mitochondrial membrane provides the
energy required to produce ATP from ADP and inorganic phosphate [59].

Each pair of electrons passing through the entire ETC releases energy to generate ATP
molecules, and are then accepted by an oxygen atom to make a molecule of H20 at complex IV.
Numerous cells require the extensive maintenance of oxidative metabolism, by utilizing oxygen and
glucose during this mechanism. The measure of oxygen molecules consumed during the ETC, is a
direct measure of the membrane potential change. Studying oxygen consumption of mitochondria is an
effective way to validate the functionality of protein complexes in the ETC, and observe the changes
that take place in dysfunctional or diseased, or even cancerous mitochondria.

The in-depth analysis of mitochondrial function in muscle tissue is often achieved by using
one of two types of preparations:

- isolated mitochondria, where mitochondria are extracted and purified by mechanical

homogenization and differential centrifugation; or

- permeabilized myofibres, where the myofibre plasma membrane is selectively permeabilized,

leaving the mitochondria intact within their environment and in direct contact with the

incubation medium.

The major task of both methods of study is to preserve the structural integrity of the
mitochondria for analysis, by allowing direct manipulation of mitochondrial function through the

insertion of specific substrates and inhibitors to the incubation medium. However, the widely used
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method of investigating mitochondrial function in skeletal muscle cell is by using isolated
mitochondria. The membranes of the mitochondrial network are ruptured during muscle
homogenization and must rapidly re-seal to yield apparently ‘intact’ organelles [14, 15, 60, 61].

During the process of mitochondrial isolation, the muscle is homogenized using scissors and a
Teflon pestle, separating mitochondria and rupturing mitochondrial membranes. The isolation of
mitochondria inevitably comes along with the disruption of the mitochondrial morphology, possibly
leading to a partial loss of soluble mitochondrial proteins [62]. Despite the limitations, isolated
mitochondria keep their properties and provide a powerful tool for in-depth analysis of mitochondrial
functionality.

After isolation of mitochondria from cells, they still retain the ability to perform electron
transport. The isolated mitochondria are suspended in a respiration buffer (Mir05), with an osmolarity
of 330 mOsm, that maintains a suitable environment for the functionality of mitochondria [63, 64].
The electron transport process is then manipulated by experimenters, by adding substrates that donate
electrons at different levels in the chains, or uncouplers and inhibitors that depolarize or hyperpolarize
the generated membrane potential. Since the ultimate electron acceptor at the end of the chain is
oxygen, which is converted to water, the flow of electrons can be measured by monitoring oxygen
consumption of the isolated mitochondrial suspension.

Real-time analysis of the oxidative phosphorylation process is done by studies based on high-
resolution respirometry, by using an extensive amount of basic bioenergetic respiratory protocols that
provide insight into oxygen consumption in isolated mitochondria. The Oroboros Oxygraph-2k high-
resolution respirometer is an instrumental part in measuring oxygen consumption rates of isolated
mitochondrial suspensions [65]. Equipped with polarographic oxygen sensor electrodes, the
respirometer is able to measure the oxygen concentration in mitochondrial suspensions and calculate

the oxygen flux per volume inside its chambers [66, 67].
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The Oroboros Oxygraph-2k respirometer is designed as a titration-injection respirometer
containing two individual chambers designed with sensors that can be inserted externally through the
stoppers, and angularly inserted polarographic oxygen sensors into the glass chambers [67, 68]. The
glass chambers of diameter 16 mm are equipped with PEEK stirrer bars that keep the incubation
medium stirring at all times to avoid precipitation of samples of mitochondria, and are temperature
regulated electronically, in the range of 2 oC to 47 oC.

At the polarographic oxygen sensor (POS), oxygen is diffused from the sample to the cathode
surface, through an unstirred layer of the sample at the outer membrane surface, the membrane, and
the electrolyte layer. It is required that the sample in the chamber is constantly stirred by PEEK stirrer
bars. The POS is a Clark-type oxygen sensor, and produces the recorded electrical signal by
consuming the oxygen that diffuse through the oxygen-permeable membrane to the cathode. The POS
consists of a gold cathode and a Ag/AgCl anode, connected by a KCI electrolyte [67].

At a given concentration of oxygen in the sample, the POS signal depends on the properties of
the membrane thickness, and diffusion coefficient and oxygen solubility. The cathode and anode
reactions are given by,

0,+2H,0+4e" > 40H", (3.1)

4 Ag > 4AgT+4e”. (3.2)

The oxygen concentration, and the oxygen flux, per sample quantity or per chamber volume,

are recorded for data analysis and displayed on the DatLab software. The software provides an

objective basis for prolonging particular experimental sections until stability is reached, before the
next titration is made.

Assessing mitochondrial function and understanding its complex structure involves

manipulation of isolated mitochondria by titrations of various substrates, inhibitors, and uncouplers.

The Oroboros Oxygraph-2k respirometer is feasible in measuring changes observed in oxygen
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concentration when being manipulated by such compounds, providing a comprehensive analysis and
identifying normal and abnormal functionality of mitochondria [65].

A range of electron donors (glutamate/pyruvate and succinate) can be added in titrations to
isolated mitochondrial suspensions to initiate electron transport at specific complexes on the ETC.
Palmeira et al. [69] discusses protocols with various substrates used to study respiration.

Glutamate (or malate) and pyruvate are two substrates that are used simultaneously to generate
NADH via the TCA cycle. Electrons are donated to complex I (NADH dehydrogenase complex) by
oxidizing of NADH to NAD:-, initiating the ETC. Succinate is also a substrate that yields FADH2 and
donates electrons to complex Il (succinate dehydrogenase), oxidizing to FAD-+. These substrates are
added to a suspension of isolated mitochondria in respiration buffer, to initiate the transport of
electrons across the ETC in the inner mitochondrial membrane, and exhibits an increase in the oxygen
flux in the oxygraph [22].

Adenosine diphosphate (ADP) is a substrate that is used for determining the rate of electron
transport in isolated mitochondria. As discussed in section 2.2, ADP is the principal molecule that is
involved in the synthesis of ATP, via complex V (or the ATP synthase). Thus, the addition of ADP
couples the rate of endergonic electron transport to the phosphorylation of ADP into ATP, and
increases the influx of oxygen molecules to mitochondria.

Inhibitors are substrates that affect particular protein complexes in the ETC, and block the
transport of electrons. Since there are no electrons flowing toward complex IV (cytochrome oxidase),
oxygen consumption also stops, and the oxygen flux into mitochondria decreases rapidly. Oligomycin
is an inhibitor that binds to the ATP synthase, and prevents the synthesis of ATP. Another inhibitor of
mitochondrial functionality, rotenone, blocks the electron transport between complex | and
ubigquinone, the mobile carrier in the inner mitochondrial membrane.

Uncouplers are an important indicator of the electron transport rate as well. They are

molecules that affect oxidative phosphorylation by depolarizing the mitochondrial membrane. FCCP is
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an uncoupler that leaks protons across the inner membrane, thereby depolarizing and decreasing the
membrane potential, and can be observed to increase the oxygen flux in mitochondria rapidly.

The effect that substrate, uncoupler, or inhibitor titrations have on respiration of isolated
mitochondria, or permeabilized cell suspensions is studied by the information provided by an
oxygraph. Figure 3.2 shows an oxygraph obtained in an experiment for isolated mitochondria from

cultured HelLa cells.
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Figure 3.2: Oxygraph exhibiting oxygen concentration and volume-specified oxygen flux as a function
of time. The protocol has been followed for isolated mitochondria from cultured HeLa cells with
pyruvate + malate, 2 mM ADP, 10 uM cytochrome ¢ (Cyto-c), 4 uM oligomycin, 1.5 ug/ml FCCP (F),
1.5 uM rotenone and 5 uM antimycin A.

The respiratory rates of mitochondrial suspensions shown by Figure 3.6, reflect the
mitochondrial functionality as a structurally intact organelle, by calculating oxygen consumption rates
in nmoles of Oz/min/mg.

State 1: Oxygen consumption rate of mitochondria prior to addition of substrate ADP, where the
oxygen consumption rate is minimal.

State 2: Oxygen consumption rate in the presence of substrates, with the added ADP consumed.

State 3: Maximally simulated respiration rate initiated by adding 1 mM of ADP.

State 4: Respiration rate after addition of 2 uM of FCCP, when ATP synthesis discontinues. An

increase in state 4 respiration would indicate uncoupling of the mitochondrial inner membrane.
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Respiratory control ratio (RCR): Ratio of state 3 to state 4 respiration rates, which is used as an
index to examine the viability of prepared mitochondria. Typical values are in the range of 3 — 10,

while low rates of RCR indicate possible mitochondrial damage.
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Figure 3.3: The polarographic study of oxphos using an oxygen electrode chamber. Substrate addition
of a substrate will initiate state 2 respiration. ADP activates oxidative phosphorylation, consuming
oxygen (state 3 respiration. After the exogenous ADP is consumed, the oxygen consumption rate is
slowed (state 4 respiration). The ADP:O ratio indicates the efficiency of oxidative phosphorylation.
The addition of saturating amounts of ADP results in maximal rates of oxidative phosphorylation. A
protonophore will uncouple respiration and the maximal rate of oxygen consumption can be observed.
Image adapted from Lesnefsky et al. [70].

Respiration rates with subsequent manipulation of mitochondrial function provides a viable
indicator for the functionality and the state of mitochondria, and provides detailed analysis of oxygen

consumption within the inner mitochondrial membrane.
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Chapter 4: Electrical Properties of Biological Materials

4.1 Dielectric Phenomena

The dielectric response of a material is its response to an electric field. A dielectric does not
exhibit a dc (direct-current) conductivity, but acts as an electrical capacitance by storing charge. An
applied electric field can illustrate two very distinct properties: a) the energy in the electric field is lost
to dissipation by the motion of the charge carriers, or b) the energy is stored through polarization. An
applied electric field creates a displacement of bound charges in a region in the material, inducing a
dipole moment. Polarization is the electric field induced separation of charges, and depends on the
build-up of charges. The polarization of a material is described by the vector polarization P, defined as
the electrical dipole moment per unit volume. The induced dipole moments align depending on the
direction of the applied external field (Figure 4.1). The polarization P is given by,

P=D- gE, (4.1)

where D is the displacement charge density (C/mz2) and &, is the permittivity of vacuum, and E is the
applied electric field. The expression for D is given by,

D= ¢E, (4.2)
where, € = €,¢y and &, is the relative permittivity of the material. From these relationships, the

permittivity is found to be directly proportional to the polarization, and can be described as the dipole

moment density built by an electric field.
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Figure 4.1: Polarization in an electric field.

For a time-varying electric field, the polarization phenomena can be observed as relaxation,
due to the time required for charges to move with the varying electric field. This time-domain concept
is described as the influence of a step function of the excitation signal on the material, and the time it
takes to relax the system to equilibrium. A material’s response to an applied electric field is controlled
by two fundamental parameters, the conductivity ¢, and the dielectric permittivity €. Conductivity is
determined by the mobility of the charges, while the permittivity is a measure of the material’s
polarizability, and are observed as a function of frequency as dispersion [28].

Conductivity o, and dielectric permittivity e can be studied as complex quantities in the time
domain, in order to incorporate the dielectric losses. Then we define, the complex conductivity as:

oc=o0'+ jo', (4.3)

and the complex permittivity as:

e = & — je'" = ge— jge, (4.9)

where, ¢’ and &' are the real values of conductivity and permittivity respectively, ¢’ and &'’ are the

imaginary values of conductivity and permittivity respectively, and g, is the permittivity of the
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vacuum. For a material considered as a dielectric with losses (an insulator with losses), &' (w) is
related to the conductivity of the material given by the dielectric loss factor,

o' (4.5)
g’

that indicates energy dissipation. Here, w = 2xf is the frequency. A parametrization of the dielectric
loss factor is described in terms of the loss angle §, where tan§ = &' /€'.

For a dielectric with only bound charges, let us assume that the material has a relaxation
process with a single characteristic time constant, and that the polarization increases exponentially as a
function of time. This is called the Debye single dispersion. The polarization in the dielectric causes
the surface charge density D(t) to increase from one value of D=, to Do as the material relaxes and
reaches equilibrium [28].

This can be expressed as a function of time by,

D(t) = Do, + (D — Doo)(1 — e7t/7), (4.6)
where D, is the surface charge density starting from t = 0, D, is the charge density after the new
equilibrium is obtained and the charging current is zero, and 7 is the relaxation time constant.

In the frequency domain, the Debye single dispersion equation becomes,

g(w) = €n + Ae/(1 + jwr), 4.7
and,

Cw)= Cpn+ AC/(1+ jwT), (4.8)
where Ae’ = & — &l,.
The quadrature and in-phase components are,

£ = e+ Ad'/(1+ w?T?), (4.9)
and,

&= Adtw/(1+ w?T?). (4.10)
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The values of the gquadrature component decrease with increasing frequency, while the in-phase
component values go through a maximum which can be seen in Debye singe dispersion relaxations
shown in Zivkovic et al. [71].

There are three major mechanisms of electric polarization that occur at moderate electric
fields, and for materials with low conductivity.

e Electronic polarization (optical polarization): The electric field deforms the originally
symmetrical distribution of the electron clouds of atoms or molecules.

e Atomic or ionic polarization (vibrational polarization): The electric field causes the atoms
or ions of a polyatomic molecule to be displaced relative to one another.

e Orientational polarization: For materials with molecules or particles with a permanent
dipole moment, the electric field causes the dipoles to reorient toward the direction of the
field.

The mechanisms of polarization discussed above and shown in Siddabattuni et al. [72] are due
to the bound positive and negative charges within an atom or molecule itself. However, electronic
polarization can also occur for mobile and trapped charges. This polarization is referred to as space
charge polarization. Charge carriers (electrons, holes, or ions), that may be injected from electrical
contacts, can be trapped in the bulk or at interfaces, forming positive and negative space charges in the
bulk of the material, or at the interfaces between different materials. These space charges can modify
the field distribution, and are referred to as interfacial polarization [73].

Different polarization mechanisms respond at different frequency ranges, and therefore have a
timescale characteristic to the mechanism. As the frequency increases, the dielectric constant
decreases, since most processes cannot respond to electric fields at higher frequencies. Study of wide
frequency dielectric properties of materials can provide information about the physical structure of the

material, and potential applications.
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4.2  Dielectric Properties of Biological Materials

Biological systems interact with electromagnetic energy through the dielectric properties of
biological materials. Measuring the electrical properties provides understanding of the underlying
biophysical processes that take place in these materials. A biological sample can be interpreted as a
conductor made up of tissues with different electrical properties. This makes investigation of
biological specimens through the technique of characterization of electrical properties, a promising
method, both from a diagnostic and fundamental point of view.

As discussed in section 4.1, the response to an applied electric field is described by the
conductivity, o and dielectric permittivity, €. The dielectric behavior of biological samples is mainly
due to the mobility of the ions and bound charges within the tissues. The living cell is surrounded by
aqueous electrolytes, with cations such as, H*, Na*, K*, Ca*, Mg* and anions such as HCO3, ClI-,
HPO%~, SO3~ in human blood. The ionic motion in an agueous environment generates a conduction
current I, within the cells due to the motion of the ions affected by thermal fluctuations.

The cell membrane is a dynamic component in a living cell, and is considered an
electrochemical membrane, due to its selective permeability to ions. The passive part of the cell
membrane is the bilayer lipid membrane (BLM), that contains proteins, transport organelles, and ionic
channels in parallel, which represent electrically shunt pathways. The thickness of the membrane is
very small, giving a high capacitance with a low breakdown potential. An electrical double-layer
covers the wetted outer cell membrane surface, and affects the flow of charge through the cell. At dc
and low frequencies, current must pass around the cells, due to the conductance in the double-layers.
However, at higher frequencies, the membrane capacitance allows the ac current to pass through,

removing the effect of the membrane [28].
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The polarized bound charges at the membrane surfaces give rise to complex dielectric
behavior through the displacement current I;, which gives rise to Maxwell-Wagner and counterion
polarization effects. Maxwell-Wagner effects affect processes at the interface of different dielectrics
and display different dielectric relaxations.

Biomaterials have a distribution of relaxation responses, and the electrical properties of
biomaterials can be analyzed as a function of frequency. This is called Dielectric Spectroscopy, and is
used to study dispersions of biomaterials. The frequency dependence of the relative dielectric
permittivity &, and the conductivity ¢ of tissue and cell suspensions change with frequency in three
distinct steps [74 - 76]. The observed responses describe different mechanisms that reflect numerous

components of the biological material.
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Figure 4.2: Dielectric dispersion regions. Image adapted from Grimnes et al. [28].

The frequency response occurs in three distinct steps as shown in Figure 4.2, in the low, RF

and GHz frequency ranges and are classified as a, 8, and y dispersions.
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» a dispersion:

The underlying mechanisms for a dispersion include the effects of electrical double-layers and
the motion of charges near membrane surfaces and occurs in the mHz-kHz frequency range. The
ambiguity of a double-layer due to the electrode polarization can cause « dispersion due to the ion
charge distribution at the electrode surface. This is in addition to the membrane surface polarization,
and can cloak the dispersion of the cell suspension, leading to a high dielectric constant at low
frequencies. The overall dipole moment of each cell and organelle, due to the membrane potential and
resulting charge imbalance, also affects the « dispersion [1 —4].

» B dispersion:

B dispersion results from the passive cell membrane capacitance due to the accumulation of
ions on the membrane surface. The response of the electric field on the protein molecules can also be
observed by g dispersion, and occurs in a mid-frequency range of 1 kHz — 100 MHz.

» v dispersion:

Dipolar mechanisms that arise in polar media, such as water, salts and proteins can be
observed by y dispersion. Relaxation of water molecules occurs at about 20 GHz, and is a result of its
dipolar response. The frequency range for y dispersion is 0.1 — 100 GHz, and in this particular
frequency range, the conductivity from the dielectric relaxation of conducting water molecules is
enhanced. Biological environment with very high-water content exhibits a comparable dispersion with
that of water.

As seen in Figure 4.2, the permittivity decreases with increasing frequency, and therefore
charges are not able to respond to the applied field. The dc conductivity generated from free charge
carriers becomes problematic when purely dielectric measurements are considered. As shown in
equation (4.10), for a suspension with constant conductivity, " diverges at low frequencies. This can

be dealt with, by either subtracting the measured dc conductivity, or by using in-phase conductivity.
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Studying the frequency dependence of the dielectric properties of biological suspensions can
provide the characteristic timescales and instrumental details to understand the functionalities of
biological systems. In this context, impedance measurement techniques can be utilized to understand
the dielectric response of biological materials. For biological suspensions, the membrane potentials
that change the net negative charge inside the cell or mitochondria, give rise to electric dipole
moments when an electric field is applied. For a higher bulk average dielectric constant, equation (4.1)
becomes,

P=D— ¢ E=¢éeE— E = g6 FE, (4.12)

for &. > 1. Therefore, an increase in the dipole moments of mitochondria in suspension will increase

P, and increase ¢, of the suspensions as well [1, 2]. We will discuss the dependence of &, on the

impedance being measured in chapter 5.
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4.3  Dielectric Spectroscopy of Mitochondria

Dielectric spectroscopy of mitochondria provides an understanding into their structure and
features. Pauly et al. [77] studied passive electrical properties of biological components, and observed
that the mitochondrial matrix was highly conductive, with a limiting membrane that has a capacitance
C, Similar to the value of the cell membrane. The dispersion curves for swollen and shrunken
mitochondria were obtained, and the membrane capacity of guinea pig heart mitochondria was
calculated to be about 1.1 0 1.3 pF/cma.

Dielectric spectroscopy has been proved to be an effective technique to measure the frequency
dependent dielectric permittivity of mitochondrial suspensions in order to study changes that occur in
samples due to various mechanisms. This non-invasive method can be applied to study mitochondrial
suspensions, in which the frequency response strongly depends on the membranes and important cell
parameters. However, the interpretation of dielectric spectroscopic measurements is limited by the
polarization effects at the interface between the electrode and the medium, inherently called the
electrical double-layer. The strong influence of double-layer polarization at low frequencies interferes
with accurate measurement capabilities when studying complex biochemical systems, such as
mitochondrial suspensions.

Studies by Asami et al. [78] show experimental data for mitochondrial suspensions, that agree
with expected theoretical dispersion responses where the polarization effect at low frequencies can be
seen. Such data plots can be used to compare experimental data obtained in this study.

A method to eliminate the effect of polarization was used based on studies conducted by Bot
et al. [3, 79] and Prodan et al. [80]. They observed the response of polarization impedance, and used

methods to remove it from experimental data [79]. Here, the complex impedance of the measured
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medium is considered as a series combination of the ideal impedance Zs of the medium and the
polarization Zp, where,

Im = Zs+ Zp. (4.12)

The correct impedance measurements for the medium being measured without the influence of

polarization, can be calculated by subtracting Zp from measured values. This method was used to

calculate and eliminate the effect of polarization of measured data and will be discussed in detail in a

later chapter.
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Chapter 5: Electrical Impedance Spectroscopy (EIS)

5.1 Basics of EIS

Electrical Impedance Spectroscopy is a powerful method of characterizing electrical properties
of materials and their interfaces with electronically conducting electrodes. The dynamics of bound or
mobile charge in the bulk or interfacial regions in solids or liquids can be investigated using EIS. The
general approach of EIS is to apply an electrical stimulus to the electrodes (a voltage or current
stimulus), and observe the voltage or current response as a result.

Several fundamental microscopic processes follow when electrodes in such a system are
electrically stimulated, leading to the complete electrical response. These microscopic processes
include, the transport of electrons through electronic conductors, the transfer of electrons at the
electrode-electrolyte interfaces, and the flow of charged atoms through the electrolyte defects. The rate
of the flow of charged particles depend on the ohmic resistance of the electrodes and the electrolyte,
and the reaction rates at the electrode-electrolyte interfaces [81].

The most common and standard type of electrical stimuli used in EIS, is the measure of
impedance by applying a single-frequency voltage or current to the interface, and measuring the
amplitude and phase-shift or the real and imaginary parts of the resulting current. This approach has
the advantage of allowing the experimentalist to achieve a better signal-to-noise ratio in the frequency
range of interest. EIS is accessible to study intrinsic properties that influence the conductivity of an
electrode-material system, and can derive two categories of parameters, (a) those relevant to the
material itself, such as conductivity, dielectric constant and charge mobility, and (b) those relevant to

the electrode-electrolyte interface, such as capacitance of the interface region and diffusion coefficient
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of materials of the electrode. EIS has been a useful approach pursued by many investigators since its
discovery in 1925, to investigate polarizations across biological membranes.

The complex quantity Z(w), is defined as the “impedance function”, and its value at a
particular frequency is the “impedance” of the electric circuit, taking into account not only amplitude,
but also phase difference. Impedance is generally defined as the total opposition an electronic device
or circuit offers to the flow of an ac current at a given frequency. In the frequency domain, the
voltage/current relation is I(w) = V(w)/Z(w). The complex quantity for a capacitance is 1/ (w. C),
and for an inductance is w. L. The concept of electrical impedance was first introduced by Oliver
Heaviside in the 1880s, and later developed to study using complex vector diagrams by A. R. Kennelly
and C. P. Steinmetz [82]. The vector equation for impedance is given by,

Z(w) = Z' +j2", (5.1)

and can be represented quantitatively as seen in Figure 5.1. Here the polar coordinates are,

Z'=Re (Z) =|Z|cos b, (5.2)
and,
Z"=Im((Z) =|Z|sing, (5.3)
where, the phase angle is,
0 = tan"1(Z" /Z"), (5.4)

and the magnitude is,

1Z| = /(22 + (Z")2. (5.5)

40



Most electrode—material systems are non-linear systems, and thus, EIS measurements in either

the time or the frequency domain are meaningful to study signals of magnitude, such that the overall

electrode—material system response is electrically linear [83].

Imaginary axis
A
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Z(Z’,Z”)
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Figure 5.1: Complex impedance (Z) with a real part (Z') and an imaginary part (Z'").
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5.2  Electrolytics

An electrolyte is a substance that has an ionic conductivity. Intracellular and extracellular
living tissue cells are considered to be electrolytic conductors, that contain ions with freedom to
migrate. Two current-carrying electrodes in an electrolyte are the source and sink of electrons, from
the electrons of the metal, to the ions of the electrolyte.

Electron transport in a metal does not involve transport of metal ions, and has a much lower
migration velocity of electrons, in the order of 0.3 mm/s at high current densities [28]. However,
electric current flow in an ionic solution is a more complex event. In the bulk electrolyte, conductivity
is composed of separate contributions from cations (+) and anions (-). For a homogeneous and
isotropic medium, the current density of a single anion-cation pair is given by,

J= oE, (5.6)

where, o is the conductivity, and E is the applied electric field. Equation (5.6) shows that the bulk

electrolyte solution obeys the linear Ohm’s law.
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5.3 Interface phenomena: The Electrical Double-layer

The electrochemical processes that take place at the electrodes are significantly different from
the processes in the bulk of the solution. The field of bioimpedance and bioelectricity is considerably
interested in cell suspensions and tissue compositions that have membranes as well as electrolytic
components. These membranes show distinct surface phenomena due to the electric dipoles that form
from the applied electric fields, but also exhibit polarization processes that exist between the interfaces
of electrodes with cell suspensions and tissue samples.

The transformation from electronic to ionic conduction occurs at the electrode-liquid interface,
between the electrode, the source or sink of electrons, and the solution, by which electron transfer
follows. A non-uniform distribution of charges forms in the transition zone between the electrode
metal and the electrolyte, triggering an electric potential between the interfaces. Between a solid and a
polar medium, the interface effect becomes particularly prominent, since the polar medium is liquid
with a high ion mobility [28].

The double-layer is similar to a molecular capacitor, where one capacitor plate characterizes
the charges in the metal, and the other capacitor plate characterizes the ions in close proximity to the
electrode in the solution. The distance between these “capacitor plates” is in the order of 0.5 nm,
thereby forming enormous capacitance values [28]. In electrochemical studies, the most widespread
studies have been for surfaces of Hg, Ag, Au, Pt and various forms of carbon [84].

Many models were developed over the years to understand the electrical processes that take
place between a solid conductor and an electrolyte. Helmholtz was the first to introduce a simple
model of the electric double-layer in 1879. His proposal was, that all the charges in the metallic
conductors stay at its surface, whereas the counter-ion charge in the solution also exists at the surface

to maintain electro-neutrality. Thus, two separate layers of charge are formed at the electrode/
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electrolyte interface with opposite polarity, and separated by a distance in the order of a few angstroms
[85]. The theory of Gouy and Chapman, in the early 1900s, takes into account the exchange of
counter-ions between the double-layer and the solution and proposes the idea of the diffuse layer. Both
coulombic forces and thermal motion affect the equilibrium distribution of the counter-ions giving rise
to a diffuse double-layer. Then, in 1924, Stern modified the Gouy-Chapman model by including both
the diffuse layer and a compact layer. In this model, the ions are considered to have a finite size, and
can approach the surface depending on the ionic radius and the solvation of the ion in the solvent. The
centers of the ions absorbed by the surface form an inner Helmholtz plane (IHP), and the centers of the
solvated ions form an outer Helmholtz plane (OHP). Krishnamoorthy et al. [85] show several models
developed for the electrical double-layer.

A small-signal current that passes through an electrode-electrolyte interface causes the current
to encounter the faradaic impedance due to the exchange of electrons, as well as due to the capacitive
current flow and diffusive ion transport via the double-layer formed at the interface. The double-layer
impedance is inversely proportional to the electrode area, and is also frequency dependent. Thus, the
total measured impedance of the electrochemical system includes the impedance of the electrical
double-layer, in series with the resistance of the solution. The effect of the capacitive double-layer
between the electrode-electrolyte interphase dominates the observed impedance at low frequencies,
while the solution resistance dominates at higher frequencies [86].

The impedance effect of the electrical double-layer, especially at low frequencies, can cause
concern for impedance measurements performed for electrolytes and biological suspensions. The
double-layer can introduce thermal noise in the circuit, aggregating the measured impedance values

[87].
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5.4 Equivalent Circuit Models

Electrical Impedance is an important parameter used to characterize electronic circuits and
components, as well as several biochemical, thermal, and vibrational mechanisms. Standard circuit
components such as resistors, capacitors, and inductors can be used in electronic circuits that can
provide models for real-world systems that respond to varying electric fields. However, the
components of an electronic circuit model of a real system such as a biological suspension, can be
accurately predicted only up to a certain limit. Each component in the electronic model may not
explain how a biological system can interact with an applied electric field.

The impedance is a complex quantity given by,

Z(w) = Z' +j2", (5.7)

where Z' is the real part, and Z'' is the imaginary part, also known as the reactance (X). The quantity
of reactance for different circuit components can justify how each depends on the ac frequency of the
applied electric field.

Impedance analyzers are instruments that are capable of measuring impedance of an electronic
circuit component or a material, by allowing different configurations of test leads or probes to be
connected directly or indirectly. However, incorrect measurement techniques or instrumentational
errors can cause impedance measurements of passive electronic circuit components to show unnatural

behavior in the real world as compared to their ideal behavior.
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Figure 5.2: Reactance of electronic circuit elements. Here, R is the resistance, C is the capacitance, L is
the inductance and w = 27 f is the frequency.

It is important to thoroughly understand what an impedance value for a circuit component
(resistor, inductor, or capacitor), indicates in reality. The parasitics of the component, and the
measurement error sources such as the test fixture’s residual impedance, affect the value of the
impedance.

- An ideal value is the value of the component without parasitic effects. The model for an ideal
component is purely resistive and has no frequency dependence. The ideal value is the
theoretically calculated value of an electrical component.

- A real value represents effective impedance, and includes the effect of the component’s
parasitics. Thus, it depends on the frequency of the applied electric field.

- The measured value is the value of the component measured by the use of an external
instrument, and reflects the residual impedances and inaccuracies of the instrument. The
accuracy of the measurements can be judged by comparing how close the measured value is to
the ideal value of a component.

Frequency dependency is a common factor that plays a part in all real-world component
measurements of impedance because of the existence of parasitics [88]. The parasitics can define the

component’s frequency characteristics for real-world resistors, capacitors and inductors. The
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frequency response of an electronic component that depends on the parasitics can change the measured
value of the resistor.

Electrical impedance spectroscopy (EIS) measurements for biological suspensions can be
analyzed by fitting the data to an equivalent circuit model, consisting of resistances and capacitances
in series and parallel combinations such that its impedance matches the measured data [89, 90]. An
equivalent electrical circuit is a relatively simple way to model even complex biological systems.
However, it should be noted that models cannot describe any biological system with complete
accuracy.

Many reports can be used to study the response of biological cells and membranes under the
effect of electric fields. For example, Radke et al. [91] have developed an equivalent circuit model for
immobilized bacteria with series and parallel combinations of resistors and capacitors where the
dielectric behavior of the solution is represented by a combination of resistances and capacitances, and
the cytoplasm and membrane components are also described as resistors and capacitors with well-
defined values. The double-layer capacitance at the electrode surface and the capacitance created from
the oxide separation of the gold electrodes and the silicon is described by a capacitance. Cai et al. [92,
93] have developed an equivalent circuit model for NaA zeolite membranes, with resistive and
capacitive components describing the solution and membrane separately, and also included
components that represent the resistive and capacitive properties of the ionic double-layer at the
electrode-electrolyte interface.

More complex and detailed models have also been developed by several research groups. An
electrical model has been modified and developed by Schoenbach et al. [94] where the suspension

medium as well as inner and outer membranes are represented by resistive and capacitive components.
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The mitochondrial suspension can be modeled as a leaky capacitor that consists of a parallel

configuration of a capacitance € and a conductance G as shown in Figure 5.3.

e
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i

Figure 5.3: A simple electronic equivalent model for a mitochondrial suspension.

The conductance and capacitance of the measured biological suspension are given by,

_gA 1 (5.8)
(=T r

_ && A (5.9
C= P

where o is the electrical conductivity, g, is the permittivity of free space, &, is the relative dielectric
permittivity of the suspension, A is the area of the electrodes, R is the resistance and d is the distance
between the electrodes. The complex impedance for the suspension model can be derived as,

. 1 (5.10)
G +joC’

Here, |Z| becomes,

z| = R - (5.11)
V1+ wZR2CZ

In the high frequency limit, w2R2C? > 1,

1 (5.12)
Zl= —.
|Z] C
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Thus, under these limitations, equation (5.9) shows that an increase in the effective dielectric
constant of the suspension &,, will increase the capacitance, causing the magnitude of the measured
impedance |Z| to decrease. In chapter 4, we explained how an increase in the mitochondrial membrane
potential Ay, can exhibit an increase in the relative dielectric constant. Therefore, the change in Ay,

can be studied by observing the response of the impedance of mitochondrial suspensions.
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5.5 Impedance measurements

The technique of impedance measurements of biological suspensions is an important
component to obtain stable and reliable measurements. Typical microscopic scale measurements of
biological mediums allow characterization of cell and mitochondrial suspensions that require
impedance measuring methods that must be sensitive to infinitesimal changes. Bioimpedance
measuring techniques accommodate such sensitive devices that include electrodes to obtain subtle
electronic signals [95].

Electrodes are unique components that can measure impedance of various forms of medium,
such as solids or aqueous solutions. Two current-carrying electrodes are involved in passing an electric
current through a medium; a source and a sink. The source and sink of an electronic circuit make up
the path for the applied dc or ac signal through the medium 28]. For frequency-dependent electric
signals, an ac signal is generated, and a current is passed across the two electrodes, while the potential
change across the medium is measured by another two electrodes. Bioimpedance measurements,
typically require four electrodes for measurement purposes: two current-carrying electrodes, and two
voltage-sensitive electrodes. Figure 5.4 shows a four-electrode impedance measurement setup of a
medium. The measured impedance of this medium is given by,

AV (5.13)

Z=—,
Al

where, AV is the potential difference between the voltage-sensitive electrodes, and I is the current

applied across the current-carrying electrodes [96, 97].
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Figure 5.4: Four-electrode impedance measurement of a medium. The outer electrodes are current-
carrying electrodes (CC), while the inner electrodes are voltage pick-up electrodes (PU). Image
adapted from Grimnes et al. [28].

A metal electrode with electrons as charge-carriers, that comes in contact with an electrolyte
with charge-carrier ions, will form an electrical double-layer at the interface. The electrical double-
layer is a charge-depleted region where electron to ion charge transfer takes place. The double-layer is
also called the polarizability of the electrode material, and its presence affects the accuracy of the
measured impedance. The effect of the double-layer can be significantly reduced by separating the
voltage path from the current path. This can be done by using four-terminal impedance measuring

techniques, where the electrical double-layer formed at the current-carrying electrodes does not affect

the measured potential difference. Figure 5.5 shows the schematic of the four-terminal configuration.

DUT
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| S |

He  Hp Ly Le

Figure 5.5: Four-terminal configuration. Hc and Lc are the high and low current paths, and He and Le
are the high and low voltage paths. DUT is the device-under-test and 1 is the current. Image adapted
from Impedance Measurement Handbook [88].
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The purpose of the four-terminal measurement technique is to reduce the double-layer
interface impedance to allow accurate measurement of the impedance of the medium [95]. The probe
designed in this study was designed for the purpose of measuring four-electrode impedances to avoid

the polarization effect (Figure 5.6).

=——— University of Houston

Figure 5.6: Design of probe for impedance measurement in four-terminal configuration. Designed by
Karlapudi et al. [98].

The four-terminal measurement can be set to measure impedance in 2-terminal, 3-terminal, or
4-terminal configurations. The simplest technique is two-terminal configuration that combines both
voltage path and current path together. However, this measurement technique contains error sources
that dominates the impedance measurements of the medium with electrical double-layer interface
effects at low frequencies [96].

The two-terminal configuration is shown in Figure 5.7. Here, the current path is the same as
the voltage path, and adds polarization effect of double-layer interface to the measurements. For the
purpose of our study, measurements were taken in two-terminal measurements due to instrumental

setbacks.

DUT

Figure 5.7: Two-terminal configuration. Hc and Lc are the current paths, and He and Lr are the voltage
paths. Image adapted from Impedance Measurement Handbook [88].
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Chapter 6: Experimental Methods and Results

6.1 Design and Fabrication of the Device and Test Leads

Impedance studies of mitochondrial suspensions required a device that could measure
impedance of infinitesimal conductive solutions. A probe for the measurement of impedances of
various dielectric suspensions was designed and fabricated in this study. The probe was built using a
printed circuit board (PCB) with gold electrode arrays on one end (Figure 5.6). The gold electrode
arrays which extend by electronic strips along a 100 mm long PCB, are then soldered onto dupont
connector pins that are crimped with wires. As shown in Figure 6.1, the PCB with electronic pathways
are covered with a tubing made of Peek polymer, and hot glue sealed on either end, allowing 4 mm of

the tip of the with electrodes to remain uncovered.

(@)

(b)

Figure 6.1: The designed and fabricated probe to measure impedance of various mediums: (a) the PCB
covered with tubing and soldered to wires and (b) the completed probe placed inside the PVDF stopper
of the Oroboros respirometer.
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The probe was designed to be compatible with the Oroboros Oxygraph Ozk high-resolution
respirometer, providing a convenient method of measuring the impedance of mitochondrial
suspensions, while simultaneously measuring the oxygen consumption. The diameter of the probe was
selected to match the 6 mm port of the white PVDF stopper, a standard part of the respirometer. The
inner diameter (16 mm) and height (10 mm) of the respirometer chamber provides sufficient space for
inserting the probe through the stopper, allowing the tip of the probe to be immersed in the 2.2 ml

volume of the chamber, without obstructing the rotating motion of the magnetic stirrer. (Figure 6.2)

4mm¢
10 mm

. < >
magnetic

stirrer

16 mm

Figure 6.2: Schematic of the chamber in the respirometer, where the measured medium is placed. The
chamber has an inner diameter of 16 mm and a height of 10 mm, and a magnetic stirrer with a height
of 6 mm placed inside at all times.

The probe was then connected to the Keysight Technologies E4990A Impedance Analyzer
(frequency range of 20 Hz to 50 MHz) shown in Figure 6.3, using the self-fabricated test leads. The
test leads were constructed in two parts (Figure 6.4). The first part of the test leads were four coaxial
cables connected to BNC connectors, which were then connected to the four terminals on the
impedance analyzer. The second part of the test leads was a 2-terminal fixture, that combined the Heur

and Hpot terminals together, and the Lcur and Lpot terminals together, respectively, allowing the two

terminals of the device-under-test (DUT) to be connected. The 2-terminal fixture then connects to two
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electrode pathways on the probe, allowing it to measure impedance in 2-terminal mode using two

electrodes.

AV KEYSIGHT  £4390A s wien

Figure 6.3: Keysight E4990A Impedance Analyzer.

1

Figure 6.4: The test leads designed for measurement in 2-terminal configuration. The two-part test
leads include 4 coaxial cables, connected to a 2-terminal fixture (blue part).
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6.2 Test Cable and Fixture Calibration

Impedance measurements were performed using a E4990A Keysight Technologies impedance
analyzer, with a measurement frequency range of 20 Hz up to 50 MHz. Calibration was important for
correction of loses in test leads and fixtures that were used to measure impedance. The self-fabricated
test leads and fixture were tested for accuracy by comparing calibration with standard test leads and
fixtures that normalized with the instrument. To test the losses of the self-fabricated cables, impedance
measurements for standard electronic components were recorded, and used to validate the stability of
the impedance measuring method of the device.

Keysight Technologies offers a range of test measurement accessories that are suitable for
many applications. The 16334A tweezer contact test fixture was used to compare and justify the
calibration of the self-fabricated test leads used in this study. Figure 6.5 shows the 4-terminal pair type
fixture which is equipped with a tweezer type probe. The fixture allows a frequency range of 5 Hz to

15 MHz.
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Figure 6.5: The 16334A tweezer contact fixture and components: (a) the tweezer type fixture, and (b)
the compensation block used to calibrate the fixture.
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Calibrating and compensating verifies its accuracy by comparing the instrument’s impedance
measurements with standard electrical components, by connecting at the calibration plane and
adjusting the instrument setup (through computation/data storage) so that it measures to a specific
accuracy. The calibration plane indicates the electrical reference plane at which the standard devices
are connected and measured. Calibration and compensation improves the effective measurement
accuracy when test fixtures, test leads, or additional measurement accessory are used with the
instrument. The most common compensation technique used to test the accuracy of an instrument is
the Open/Short compensation. Open compensation measures the stray capacitance between the test
fixture terminals and compensates the calibration plane accordingly, while the short measurement is
performed by connecting a shorting device to the terminals to achieve the same.

Open and short calibration and compensation for both 16334A standard test fixture, and the
self-fabricated test cable and fixture were performed on the Keysight impedance analyzer with
appropriate settings for each adapter. The data for open and short configurations for each test fixture
can be observed in Figures 6.6 and 6.7 below. Figure 6.6 (a) and 6.7 (a) show open-circuit
configuration of the self-fabricated test cable and the standard fixture after calibration was performed.
Here the impedance has very high values since the capacitance between the terminals is very small.
Figure 6.6 (b) and 6.7 (b) shows short configuration where the terminals are in contact with each other.
Here, the impedance values were equivalent to zero after calibration was performed. Open and short
calibration measurement data for both fixtures showed correlation between data values, concluding
that the self-fabricated cable could be calibrated accurately, and that connections between test leads

were secure.
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Figure 6.6: Bode plots showing calibration between the self-fabricated and standard fixtures: (a) open
calibration and (b) short calibration. The standard tweezer fixture appears to reduce noise levels during
the open calibration.
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Figure 6.7: Nyquist plots showing calibration between the self-fabricated and standard fixtures: (a)
open calibration and (b) short calibration.
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Next, experimental data were obtained for a range of resistors, capacitors, and RC circuit
configurations, and compared with theoretical data. The standard tweezer contact fixture was used to
take measurements for more accuracy.

In section 5.4, we discussed the frequency response of real-world electronic components. A
resistor has a frequency dependent response based on its resistance value. An ideal value of a resistor
has a constant impedance modulus value, |Z| = R, where, R is the resistance of the resistor. As
discussed in the above-mentioned section, an ideal value of a resistor is a theoretical value, that does
not consider the parasitics and manufacturing errors. Figure 6.8 below shows correlation between
theoretical calculations and measured values for a range of resistors, which justifies the accuracy of the
experimental data.

A capacitor has a capacitive reactance,

1 1 6.1)
XC = — =,
wC ~ 2mfC

where, f is the applied frequency, and C is the capacitance. The impedance modulus for a capacitor
has a high value at low frequency, and decreases for higher frequencies. Figure 6.9 shows theoretical

and experimental data values for a range of different capacitors that show correlation.
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Figure 6.8: Theoretical and experimental Bode plots for |Z| = R (ideal case) for various values of
resistors: (@) R = 100 Q, (b) R = 5.6 kQ, and (c) R = 100 kQ.
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For a series RC circuit, the impedance is derived as,

Zs = J(RZ + Ywry2)

(6.2)

where, R is the resistance (Figure 6.10). As the frequency increases, the effective impedance of the
resistance becomes more prominent, while the capacitive reactance decreases for both theoretical and
experimental data values, which can be seen in Figures 6.11 and 6.12. The low frequency noise for
small capacitances may result, in part from the extremely tiny values of wC when both w and C are

small.

R C
—MA—|

Figure 6.10: Schematic for a series RC circuit.
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Figure 6.11: Theoretical and experimental Bode plots for |Z| for series RC circuits with R = 100 kQ:
(@) C = 13.0 pF and (b) C = 15.0 nF.
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Figure 6.12: Theoretical and experimental Bode plots for |Z| for series RC circuits with R = 5.6 kQ:
(a) C = 13.0 pF, and (b) C = 15.0 nF.
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For a parallel RC circuit, the impedance is derived as,

4~ R/aC)
P — ’
/\/(R2+ Ywer?)

where, R is the resistance (Figure 6.13). For small capacitances in parallel, the impedance approaches

(6.3)

the resistive component at low frequencies and decreases with increasing frequency. However, for
high capacitances in parallel, the impedance starts decreasing even at lower frequencies. This can be

seen for both theoretical and experimental data shown in Figures 6.14 and 6.15.

Figure 6.13: Schematic for a parallel RC circuit.
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Figure 6.14: Theoretical and experimental Bode plots for |Z| for parallel RC circuits with R = 100 kQ:
(@) € = 13.0 pF and (b) C = 15.0 nF.
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6.3 Calibration of the Probe using Dielectric Solutions

Before measurements were acquired for mitochondrial suspensions, the designed impedance
measuring probe was tested on dielectric solutions with known dielectric permittivity and conductivity
values.

For the accuracy and consistency of measurements and analysis, micro-centrifuge tubes were
used to perform the experiment. A volume of 500 ul of each dielectric solution was placed in the
micro-centrifuge tube at a temperature of 25 oC, and the probe was placed in the solution as shown in

Figure 6.16.

I P o LS A

Figure 6.16: Experimental setup using micro centrifuge tubes.

Complex impedance of pure deionized water (DI water) with a resistivity of 18.0 MQcm (o =
5.56e7° S/m) was measured. The obtained data is shown in the Figures 6.17 and 6.18. The high

resistivity of DI water depicts a high impedance response at low frequency. The Nyquist plot for the
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impedance data obtained for DI water is shown in Figure 6.18. The Nyquist plot is a data plot between
the imaginary part of the complex impedance, and the real part, where each point is characteristic of
one frequency of measurement. The low frequency data are depicted on the right side of the plot with
higher value of impedance, whilst the high frequency data are depicted on the left side with decreasing
impedance. The Nyquist plot is portrayed as a semi-circle for truly complex impedance data, due to the
second order variation. Typical frequency spectra data in Figure 6.17 for impedance magnitude and
phase shows the dependency of resistive pathways at low frequencies and the capacitive pathways at

higher frequencies.
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Figure 6.17: Bode plots obtained for impedance and phase measurements of DI water at 25 oC: (a)
impedance magnitude vs frequency and (b) phase vs frequency.
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Figure 6.18: Nyquist plots obtained for impedance measurements of DI water at 25 oC.

Impedance measurements were also performed, and impedance magnitude and phase data
were observed for absolute ethyl alcohol (pure ethanol with MW=46.07 g/mol), methanol, isopropyl
alcohol and tap water (Figure 6.19 and 6.20). Alcohols usually have very low conductivity. This can
be observed by the high impedance values alcohols exhibit at low frequency, in comparison to tap
water, which has high concentrations of ions such as sodium, potassium, and is able to conduct current
much easily. Methanol, however, is comprised of polar molecules like water, and thus has a relatively
high conductivity as compared to the other alcohols. Margo et al. [96] and Ayliffe et al. [99] show
impedance and phase responses for various ionic solutions that are comparable with the experimental

data plots shown below.
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Figure 6.19: Experimental data plots for |Z| obtained for various dielectric solutions at 25 oC: (a) for
absolute ethyl alcohol, methanol, and isopropyl alcohol, and (b) for tap water.
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Figure 6.20: Experimental data plots for phase obtained for various dielectric solutions at 25 oC: (a) for
absolute ethyl alcohol, methanol, and isopropyl alcohol, and (b) for tap water.
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6.4 Correcting the Polarization Impedance Effect

The effect of the ionic charges that accumulate near the interface between the solution and the
metal electrodes is the electrical double-layer effect. The electrical double-layer effect on measured
impedance causes a polarization effect, where a polarization impedance Z, exists in series with the
intrinsic impedance of the sample, Zs. Therefore, the measured impedance becomes the sum of the
intrinsic impedance and the polarization impedance as,

The measured impedance of the medium is given by Z,,,. The ideal impedance that gives the
intrinsic impedance of the solution Zs is given by Equation (6.5) below [3, 79, 80]. Assuming that the
polarization effect is absent in the high-frequency range, the experimental impedance data were fitted
with parameters of dielectric permittivity and conductivity for various dielectric solutions. The

intrinsic impedance of the solution is given by,

Zg = —— (6.5)

o+ jwe’

where « is a geometrical constant, the electrical conductivity ¢ and dielectric permittivity ¢ are fitting
parameters, and w = 2rf is the frequency [3]. Equation 6.5 can be arranged to extract the real and

imaginary components,

B ao 6.6
Re (Zs) = 0% + w?e? ©9

—awo 6.7
Im (Zs) = 0%+ w?e? ¢

Here, the geometrical constant a depends on the distance between the electrodes and the area of the
electrodes. Since a was not known for the electrode setup in this experiment, known values for relative
dielectric permittivity for absolute ethanol, methanol, and isopropyl alcohol, and imaginary parts of
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experimental impedance data were used to calculate a. The relative dielectric permittivity for these
solutions were taken from literature as e, = 25.3, 33.0, and 18.2, respectively (relative to vacuum)
[100]. The value of @ was determined as 28.55 1/m.

Figures 6.21, 6.22, and 6.23 show the experimental data fitted at high frequency using
equation (6.7) for known dielectric solutions. These plots show that data can be fitted for frequencies
approximately 100 kHz and higher, where the appropriate € and o values agree with the data, while the
frequencies below approximately 100 kHz, the fitting deviates quite significantly. This anomalous

behavior of € at low frequencies is justified by the effect of polarization.
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Figure 6.21: Impedance measurement data for absolute ethanol fitted to equation (6.7) with &, = 25.3
and ¢ = 9.52e~5 S/m [100].

75



6 T T
10 fitted data I
== experimental dataj|
—~10°
E
=
e
N
E
" 10%F :
3 " ——a sl " PP R W IO | . (A M S OO WP H | N ——aaa
10
10? 10° 10* 10° 10°
Frequency (Hz)

Figure 6.22: Impedance measurement data for methanol fitted to equation (6.7) with &, = 33.0 and
o = 5.39e™° S/m [100].
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Figure 6.23: Impedance measurement data for absolute ethanol fitted to equation (6.7) with ¢, = 18.2
and o = 9.99¢5 S/m [100].
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For the determined value of a, and fitting parameters € and o, impedance measurement data

obtained for the respiration buffer solution were then used to calculate the real and imaginary

components of the polarization impedance (Figure 6.24). Based on equation (6.4), the polarization

error in impedance for the respiration buffer can be determined by subtracting the fitted data values

from the measured experimental data values. Z, determined from the impedance data for the

respiration buffer were then used to calculate the intrinsic impedance values obtained in the

experiments performed with isolated mitochondria and various substrates, assuming Zp is the only

polarization error affecting impedance measurements.

Using the data obtained in the previous calculations, the intrinsic € and ¢ were calculated as

shown below. The intrinsic conductivity is given by,

- ()
o = e ZS B
And the intrinsic dielectric permittivity is given by,
= m(57)
e =1Im w7,

These equations can be simplified further as,

acos®  aRe(Zs)

g =

1Zs| — 1Zs?
and,
—asinf —alm(Zs)
E = =
w |Zs] w |Zg|?

where, € = &,&, With &, as relative dielectric permittivity, and &, = 8.854e~12 F/m.
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Figure 6.24: Impedance measurement data for the respiration buffer fitted to equations (6.6) and (6.7)
at high frequencies. Here, a =28.551/m was used to obtain Zp. The difference between
experimental data (yellow line), and fitted data (blue line) is the polarization error (maroon line).
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Using the polarization corrected data for the respiration buffer, the conductivity and dielectric
permittivity responses to frequency were calculated and plotted with respect to frequency as shown in
Figure 6.25. The comparison between measured data before the polarization effect was extracted out,
and the polarization corrected data is shown. The conductivity and dielectric permittivity responses

calculated here show agreement to data obtained by Bot et al. [3, 79].
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Figure 6.25: Dispersion curves for the respiration buffer. The frequency dependence of conductivity
(top) and relative dielectric permittivity (bottom) are shown for measured values and polarization
corrected data values.
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6.5

Experiment with Isolated Mitochondria

All experiments were conducted on mitochondria extracted from mice heart/liver according to

the approved IACUC protocol. The procedures used were in agreement with the institutional

guidelines, and in compliance with the approvals of the Guide for Care and Use of Laboratory

Animals. In the present study, we performed impedance measurements on freshly pelleted mice

cardiac and liver mitochondria in the respiration buffer solution, extracted by following the isolation

procedure mentioned below.

Isolation of mouse heart/liver mitochondria (procedure followed in Bioenergetics lab at Houston

Methodist Research Institute)

1.

The mouse was isofluoraned for 15 s and heart/liver was extracted, weighed, and placed in a
glass tube on ice, and washed 4 times with Buffer A and minced on ice.
The minced organ was placed in Buffer A aliquots on ice and then transported quickly to the
lab for further processing.
In the laboratory, the micro-centrifuge tube was pre-refrigerated to 4 °C. All buffers, dissection
gear, homogenization tools were kept at 4 °C and all centrifuge spins were done at this
temperature.
An ice bucket was gathered and filled with ice. The organ, Buffer A, Buffer B, and Buffer E
were placed on ice.
Micro-centrifuge tubes of 1.5 ml were pre-labeled with the following per sample:

a. “SSM” (2 tubes) b. “IFM” (2 tubes)

Using forceps, the sample was transported from Buffer A and pat dry on a paper towel.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Using a razor, the sample was chopped for 1.5 minutes, and transported to a new 1.5 ml tube
labeled “IFM”.

Making sure to mix Buffer A well before use, 200 ul of Buffer A was added to the chopped-up
sample and the sample was homogenized on ice for 2 minutes.

Approximately 500 pul - 1 ml of Buffer B was added to the sample and was centrifuged for 10
minutes at 800 rpm.

The supernatant was then transferred to a new 1.5 ml tube labeled “SSM”. This sample should
be cloudy and any excess supernatant was removed from the pellet.

Buffer B was then added to the sample and centrifuged for 5-10 minutes at 12,000 rpm.

While the supernatant sample was spinning, the “IFM” pellet was weighed and the weight was
recorded.

The weight was then multiplied by 500 (*divided by 1000 if the weight is in mg). This is the
amount of Trypsinz solution needed to be added to the pellet sample. (Trypsin a 10 mg/ml
solution of Buffer A)

The pipette tip was used to add Trypsin and mixed well with the pellet.

The Trypsin-pellet mixture was allowed to sit on ice for 10 minutes. (*After 5 minutes, the
homogenizer was used for 30 seconds to mix the solution even further and then let sit for the
remaining 5 minutes)

While the “IFM” sample was sitting on ice in Trypsin, the supernatant was removed from the
“SSM” sample and the pellet was re-suspended in Buffer A.

The “SSM” sample was centrifuged for 5-10 minutes at 12,000 rpm.

Followed by the incubation on ice, the “IFM” sample was topped with approximately 500 pul -

1 ml of Buffer B and the sample was centrifuged for 10 minutes at 800 rpm.
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19.

20.

21.

22.

23.

24.

25.

26.

The supernatant of the “SSM” sample was trashed and the pellet was re-suspended in 30-50 pl
of Buffer B. (Buffer B was used in place of Buffer E to accommodate electrical impedance
measurements with Buffer B as a control)

The “SSM” sample was set aside ready to be used with the respirometry equipment.

The supernatant was then transferred from the “IFM” sample to a new, similarly labelled 1.5
ml tube. This sample should be cloudy.

The supernatant sample was topped with Buffer B and centrifuged for 5-10 minutes at 12,000
rpm and the pellet was then re-homogenized and steps 22-26 were repeated.

The supernatant was removed from the “IFM” sample, and the pellets were re-suspended in
Buffer A. *At this stage, the two “IFM” samples can be combined into one tube.

The “IFM” sample was centrifuged for 5-10 minutes at 12,000 rpm.

The supernatant of the “IFM” sample was trashed, and the pellet was re-suspended in Buffer
B, (Buffer B was used in place of Buffer E to accommodate electrical impedance
measurements with Buffer B as a control).

The “IFM” sample was set aside ready to be used with the respirometry equipment.

The buffers used were:

1.

Buffer A: 40.08 g of 220 mM mannitol (MW=182.17 g) + 23.96 g of 70 mM sucrose
(MW=342.30 g) + 1.05 g of 5 mM Mops (MW=209.30 g) in 1 L of water.

Buffer B: 0.076 g of 2 mM EGTA (MW=380.4 g) + 4 ml of 5% FAF BSA for 0.2% BSA in
100 ml of Buffer A solution.

Buffer E: 0.019 g of 0.5 mM EGTA (MW=380.4 g) in 100 ml of Buffer A solution.
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Figure 6.26: A sample of isolated mitochondria.

The mitochondria experiments were performed several times with different concentrations of
mouse heart or liver mitochondria. The experiments were performed using two methods. One was
using the Oroboros Oxygraph O:2k respirometer, and another using micro-centrifuge tubes. The
experiments performed using the respirometer allowed measurement of impedance and oxygen
consumption at the same time, while the experiments performed using micro-centrifuge tubes allowed

measurement of impedance only, however with higher concentration of isolated mitochondria in

suspension.
probe is
inserted in | mitochondria | pyruvate 10 uL. | ADP | oligomycin | FCCP
buffer titration malate 10 uLL | 8 uLL 4 ulL 6 ulL

X X X Y X ¥

() (b) (c) (d) (e) ®

Figure 6.27: Experiment with isolated mitochondria performed in micro-centrifuge tubes: (a) the probe
was inserted in a volume of respiration buffer, (b) isolated mitochondria was added, (c) pyruvate and
malate, 10 ul each was added, (d) ADP 8 ul was added, (e) oligomycin 4 ul was added, and (f) FCCP
6 ul was added. After titration of mitochondria or each substrate, 150 s time was given before the next
substrate was added. Impedance vs frequency data was obtained for 6 runs within this time period.
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The mitochondria experiment was carried out in 1.5 ml micro-centrifuge tubes of length 40
mm and outer length 11 mm. Freshly prepared mouse liver mitochondria were obtained according to
the procedure, and the concentration was determined to be 61 pg/ul by the spectrophotometer based
Biuret method. The mitochondrial isolation had to be performed quickly, and the extracted isolated
mitochondria has to be stored in ice, to be used within 3 to 4 hours. After isolation, biological assays
were performed to determine the concentration of mitochondria, which allowed us to determine the
yield. Approximately 15.25 mg of isolated mitochondria were extracted from the mouse liver.

Initially before each measurement, the respiration buffer was added to each tube. For the
purpose of this set of experiments, volumes of 500 ul, 200 ul, and 100 ul were used with different
guantities of isolated mitochondria added, to achieve various concentrations of isolated mitochondria
in respiration buffer. The probe was then connected to the impedance analyzer, and was placed in the
tube that contains the respiration buffer. Afterwards, isolated mitochondria were added to the
respiration buffer. Next, various substrates were added to the mitochondrial suspension in the
guantities and the order explained below. For control experiments, the volume of isolated
mitochondria added were either replaced by a similar volume in the respiration buffer, or by adding no

amount of isolated mitochondria.

Figure 6.28: Preparations of titrations of substrates followed in the protocol. Prepared titrations of
isolated mitochondria, pyruvate, malate, ADP, oligomycin, and FCCP are shown here.
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According to the protocol used in the lab, pyruvate and malate were added to the
mitochondrial suspension in aliquots of 10 ul each, followed by 8 ul aliquots of ADP with a
concentration of 0.5 mM. Next, 4 ul aliquots of oligomycin were added, followed by 6 ul aliquots of
FCCP.

The frequency range of measurement was set from 100 Hz to 1 MHz, with an applied current
of 200 pA, and data was recorded 6 times within approximately 150 s after each addition of substrates,
to allow time for changes in impedance to be observed. The experiment was performed at 25 oC. The
probe was cleaned with deionized water, 70% ethanol, and deionized water between each consecutive
measurement.

Figures 6.29 and 6.30 show the impedance magnitude and phase data recorded for suspensions
with and without mitochondria. In these and subsequent figure, “mito” = “isolated mitochondria”,
“pyrmal” = “pyruvate + malate,” and “oligo” = “oligomycin.” The frequency response data for both |Z|
and 6 are consistent with expected properties of capacitive membranes, where the measure impedance
magnitude decreases with increasing frequency. The curves in each plot show frequency response data
when isolated mitochondria and each substrate was added to the suspension, showing also capacitive
properties due to the dielectric properties that can be observed even without isolated mitochondria

present.

85



=== buffer
buffer+pyrmal

=== buffer+pyrmal+adp

=== buffer+pyrmal+adp+oligo

=== buffer+pyrmal+adp+oligo+fccp [

10* 10° 10°
(a) Frequency (Hz)
6000 T T T
== buffer
=== buffer+mito
buffer+mito+pyrmal |
5000 === buffer+mito+pyrmal+adp
== buffer+mito+pyrmal+adp+oligo
=== buffer+mito+pyrmal+adp+oligo+fccp
4000 |
3
L
Q_ 3000
N
2000
1000
o L 1 1
10? 10° 10* 10° 10°
(b) Frequency (Hz)

Figure 6.29: |Z| data for suspensions with and without mitochondria, when various substrates were
added: (a) without mitochondria and (b) with mitochondria. In these and subsequent figure, “mito” =

EE T3

“isolated mitochondria”, “pyrmal” = “pyruvate + malate,” and “oligo” = “oligomycin.”
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Figure 6.30: Phase data for suspensions with and without mitochondria, when various substrates were
added: (a) without mitochondria and (b) with mitochondria.

87



As seen in Figure 6.31 below, the relative dielectric permittivity for a suspension of isolated
mitochondria and yeast cells in DI water show dispersion in the observed frequency range that can be
comparable with B dispersion clearly. Asami et al. [78] show experimental data for &. and o for
mitoplasts suspended in medium that show similarities to experimental data obtained for isolated
mitochondria in this study. The dielectric dispersion curves of cell suspensions are sensitive to the
conductivity of the suspension medium. The conductivity of the respiration buffer for isolated
mitochondria is more conductive than DI water, and exhibits higher dielectric constant in the

frequency region as well.
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Figure 6.31: Experimental dispersion curves for comparison of suspensions of isolated mitochondria
and yeast cells suspended in DI water: (a) &, and (b) o.
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Figure 6.32 shows &, values for different volume fractions of mitochondrial suspensions in
respiration buffer. For higher volume fraction, the concentration of isolated mitochondria in

suspension increases, and can be seen to decrease the dielectric constant.
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Figure 6.32: Experimental dispersion curves for various volume fractions of isolated mitochondrial
suspensions.

Another mitochondria experiment was carried out in the chamber of the respirometer. Before
starting the experiment, 2.2 ml of the respiration buffer was added to the chamber. The stopper was
placed along with the probe, while suction pumping the additional buffer solution. This was done to
ensure that no air bubbles were retained in the chamber filled with buffer solution. The probe was
placed in the stopper as shown in Figure 6.33 (a), such that the substrates were added by the micro
syringes as close to the electrodes as possible to maximize the effectiveness for the probe. Freshly

prepared mouse heart mitochondria were obtained according to the isolation procedure and the
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concentration was determined to be 43.9 ug/ul by the spectrophotometer based Biuret method. We
extracted approximately 13,170 mg of isolated mitochondria from the mouse liver. The experiment

was performed in the same order of adding isolated mitochondria and substrates as before.

(b)

Figure 6.33: Experimental setup for measurements of impedance performed in parallel with oxygen
consumption measurements using the respirometer: (a) the probe placed in the stopper was then placed
inside the chamber of the respirometer, and (b) the probe was then connected to the analyzer via the

self-fabricated cable.
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Figure 6.34: Experiment with isolated mitochondria performed in the chamber of the respirometer: (a)
the probe was inserted in a volume of respiration buffer, (b) isolated mitochondria was added, (c)
pyruvate and malate, 5 ul each was added, (d) ADP 4 ul was added, (e) oligomycin 2 ul was added,
and (f) FCCP 3 ul was added. After titration of mitochondria or each substrate, 200 s time was given
before the next substrate was added. Impedance data was recorded at a frequency of 100 kHz.

The impedance analyzer was moved next to the respirometer, the probe placed inside the
stopper in the chamber with the respiration buffer, and the cable was connected to the probe (Figure
6.33 (b)). The DatLab program was started running and impedance measurements were also started.
For the purpose of this set of experiments, a volume of 2.2 ml respiration buffer was used, and
different quantities of isolated mitochondria were added, to achieve various concentrations of isolated
mitochondria in respiration buffer. Next, various substrates were added to the mitochondrial
suspension in the quantities and the order explained below. For control experiments, no isolated
mitochondria was added and experiments were repeated in the same order of substrate addition.

According to the protocol used in the lab, pyruvate and malate were added to the
mitochondrial suspension in aliquots of 5 ul each, followed by 4 ul aliquots of ADP with a
concentration of 0.5 mM. Next, 2 ul aliquots of oligomycin were added, followed by 3 ul aliquots of
FCCP.

The frequency of measurement was set to 100 kHz, with an applied current of 200 pA. The

sweep time was set to 1200 s during which substrates were added in time periods of 200 s, and data

was recorded after the protocol was completed. The chamber in the respirometer was maintained at a
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temperature of 37 oC at all times, and the experiment was done under oxygen restrictive conditions.
Between each consecutive experiment, the chamber was cleaned with 3 cycles of deionized water, let
sit with one cycle of ethanol for 5 minutes, and then cleaned again with 3 cycles of deionized water.
The magnitude in impedance and phase were recorded as various substrates were added to
suspensions of no mitochondria, 5 pl mitochondria, and 20 pl mitochondria. The observed impedance
magnitude data is shown in Figure 6.35. The time between each addition of substrate is 200 s. The

observed changes in impedance can be compared with the corresponding oxygraphs shown in Figure

6.36.
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Figure 6.35: Step plot for impedance magnitude data for the mitochondrial suspension for a respiration
buffer volume of 2.2 ml at a frequency of 100 kHz. Data for O ul, 5 ul, and 20 ul mitochondria added
is shown. Here, the x axis represents each component added to the suspensions: buffer = respiration
buffer, mito = isolated mitochondria, pyrmal = pyruvate and malate, adp = ADP, oligo = oligomycin,
and fccp = FCCP.

The oxygraphs in Figure 6.36, show the change in oxygen flux as mitochondria, or each
substrate is added to the suspension. Figure 6.36 (a) has no mitochondria in the suspension, which

explains the constant oxygen concentration and zero change in the oxygen flux. Figure 6.36 (b) and (c)
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shows the changes in oxygen flux for each concentration of added 5 ul and 20 ul mitochondria in the
suspension. These changes in oxygen flux can be used to understand the expected change in
impedance in Figure 6.35. When substrates pyruvate and malate were added to the suspension, these
molecules break down to provide the required NADH to complex I to initiate the electron transport
chain. Since this should initiate the process of H+ translocation across the inner membrane to the
intermembrane space, the membrane potential increases as explained in section 2.2.

As explained in section 4.2 and 5.4, the increase in the membrane potential is expected to
correlate with a decrease in |Z| based on the electrical model considered for the mitochondrial
suspension. Thus, the measured impedance should decrease, which can be seen when pyruvate and
malate was added in Figure 6.35. The addition of substrate ADP can be seen to increase the oxygen
flux exponentially, by providing the necessary ADP for the synthesis of ATP at complex V. However,
ADP is expected to reduce the membrane potential, since it is required by complex V to drive ATP
synthesis. The expected increase in |Z| cannot be seen in Figure 6.35. The charged and polar properties
of ADP and ATP may play important roles in their observed behavior. After respiration comes to a
steady state, the addition of oligomycin is seen to decrease the oxygen flux significantly, which is
consistent with its property as a mitochondrial inhibitor and decreasing the oxygen consumption rate.
However, the increase in membrane potential in the presence of oligomycin should decrease the |Z]|,
which is also not consistently seen in Figure 6.35 in the impedance data. The final addition of
uncoupler FCCP is shown to increase the oxygen flux as the mitochondrial membrane is uncoupled
and maximal respiration rate is ensured. The uncoupling of the inner membrane causes the membrane
potential to decrease significantly, expecting the |Z| to increase. This change can be seen in Figure
6.35, however, not a significant increase due to the very low concentrations of substrates in the

mitochondrial suspension with a respiration buffer volume of 2.2 ml.
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Figure 6.36: The oxygraphs correlating with impedance data: (a) no isolated mitochondria, (b) 5 pl
isolated mitochondria, and (c) 20 ul isolated mitochondria. The oxygen flux per volume (red line), and
the oxygen concentration in the chamber (blue line) is shown.
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Chapter 7: Experimental Data Analysis

7.1 Relative Dielectric Permittivity Analysis

According to our hypothesis, a change in the mitochondrial membrane potential is directly
proportional to the change in the effective relative dielectric constant for the biological medium being
measured. The measured impedance data for different concentrations in mitochondria with various
substrates were analyzed by calculating the dielectric permittivity and conductivity values. We chose a
frequency of 100 kHz to study the changes in effective dielectric permittivity and conductivity being
measured.

As discussed in chapter 3, cell respiratory control is the most convenient measure of
mitochondrial function. In manipulating mitochondrial function by adding substrates to the suspension
medium of isolated mitochondria, respiratory control and coupling of mitochondrial membrane
potential to the electron transport chain, can be studied extensively in a single experiment. Electron
donor substrates of pyruvate and malate, substrate ADP, mitochondrial inhibitor oligomycin, and
mitochondrial uncoupler FCCP were used as substrates that change mitochondrial function and to
correlate with changes in impedance spectroscopy. Sequential addition of such substrates that trigger
different protein complexes to be activated or inhibited can be determined by observing respiration
rates. The direction of the membrane potential change indicates whether the change in respiration
causes an upstream of A, or a downstream of Aiy,,.

Substrates pyruvate and malate initiate state 2 respiration in isolated mitochondria and
increase the oxygen consumption rate, giving way for the electron transport to be activated and proton

concentration gradient and membrane potential to accumulate. This increase in the Ay, essentially
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means the effective dielectric constant should increase, assuming the change in dielectric constant is
not dependent on any other component or reaction taking place within the mitochondrial suspension.

The addition of substrate ADP will allow the ATP synthase to function and generate ATP as
state 3 respiration, while the A, drops and electron transport accelerates. According to our
hypothesis, the drop in Ay,, should cause a drop in the effective dielectric constant, while also
increasing the oxygen consumption rate due to the accelerated electron transport. However, the
expected drop (from reduced Ay,,) is likely compared by an increase due to the fact that ADP and
ATP are charged polar molecules.

State 3 respiration is then terminated by the addition of the ATP synthase inhibitor
oligomycin, achieving a ‘state 40’ respiration rate where the ATP synthase is inhibited, bringing the
ATP generation to a halt. The ATP synthase inhibition causes a hyperpolarization of the Ay, causing
a failure of glycolysis due to the reaction that requires ATP, and progressively decreases the oxygen
consumption rate. However, based on our hypothesis, the effective dielectric constant should increase
due to the hyperpolarization of the membrane potential.

Titration of a protonophore FCCP brings the respiration rate to state 4, the maximum
respiration rate where protons leak across the mitochondrial membrane, causing depolarization and
uncoupling of the membrane potential. This decrease in the membrane potential should be consistent
with a decrease in the effective dielectric constant.

The experimental data obtained in this study showed correlation in Ay, with obtained &,
values for substrate addition of pyruvate and malate, and FCCP. However, the correlations were not
observed for substrates ADP and oligomycin. This will be explored further in this chapter.

Figure 7.1 shows changes in dielectric constant values for the experiment performed in micro-
centrifuge tubes with various aliquots of isolated mitochondria added to a volume of 100 ul respiration
buffer and various substrates added afterwards (Figure 6.27). Here, experimental results of three

concentrations of mitochondria are shown for no mitochondria, 10 pl mitochondria, and 100 pl
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mitochondria added to 100 ul of respiration buffer. The changes in dielectric constant between the
suspensions with no mitochondria and 10 ul mitochondria showed an elevation between the observed
changes. The expected increase in &. when pyruvate and malate was added was consistent with an
increase in Ay,,. However, the expected decrease in Ay, when ADP was added, was not observed
since the &, was increased by the addition of ADP. The titration of oligomycin with no mitochondria
showed a decrease in &,, yet showed a smaller decrease when 10 pul mitochondria is present in the
suspension. This observation may allow us to assume that oligomycin exhibits an increase in &, when
mitochondria is present in the suspension, which correlates with our hypothesis that Ay, increases
with an addition of oligomycin. However, this cannot be confirmed, since it shows a drop in &, from
its value in the presence of ADP, when the expected change is an increase in &,.. Finally, FCCP
showed a significant drop in &, in the suspension with 10 ul mitochondria in comparison to the
suspension with no mitochondria. Since FCCP is expected to decrease Ay,, as it depolarizes the
membrane, this result correlates with our hypothesis. However, addition of 100 ul mitochondria to 100
ul of respiration buffer (nearly 50% volume concentration) revealed that a high number of
mitochondria does not necessarily mean that the expected change in &, is elevated. This increase in
concentration can negatively affect the changes expected in Ay,,, by also increasing the polarizing
effect due to added mitochondria itself, as seen by the decrease in &, when only 100 ul mitochondria is
added to the respiration buffer. These &, changes when each substrate was added to the suspension are

shown quantitatively in Table 7.1.
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Figure 7.1: Changes in dielectric constant due to addition of different aliquots of isolated mitochondria
and various substrates to a respiration buffer volume of 100 ul at 100 kHz frequency. The data show
dielectric constants for experiments with O pl mitochondria, 10 pul mitochondria, and 100 pul
mitochondria added to the buffer medium. Here, the x axis represents each component added to the
suspension: buffer = respiration buffer, mito = isolated mitochondria, pyrmal = pyruvate (10 ul) and
malate (10 pl), adp = ADP (8 ul), oligo = oligomycin (4 ul), and fccp = FCCP (6 ul).

Table 7.1: Relative dielectric permittivity changes when mitochondria/substrates were added to the
respiration buffer volume of 100 ul at 100 kHz frequency

Here, the substrate step represents each component added to the suspensions: buffer = respiration
buffer, mito = isolated mitochondria, pyrmal = pyruvate (10 ul) and malate (10 pl), adp = ADP (8 pnl),
oligo = oligomycin (4 ul), and fccp = FCCP (6 l).

Relative dielectric permittivity (&,) change when
mitochondria/substrates are added
Substrate step
0 ul mito 10 pl mito 100 pl mito
mito 0.0 -0.1 -38.8
pyrmal +439.0 +500.2 + 408.6
adp +137.2 +415.9 +4175
oligo -83.1 -23 - 4295
fcep -54.0 -307.5 -37
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Figure 7.2 and 7.3 shows changes in dielectric constant values for two experiments performed
with 10 ul isolated mitochondria and 10 ul equivalent volume of buffer (to replace mitochondria
volume) added to a volume of 100 ul respiration buffer (Figure 7.2), and 100 pl isolated mitochondria
and 100 pl equivalent volume of buffer added to a volume of 100 ul respiration buffer (Figure 7.3).
The experiments repeated with an equivalent volume of respiration buffer to replace the volume of
mitochondria ensures that the concentrations of the substrates added afterwards were constant between
each experiment, proving that the changes in &, were not dependent on volume changes in the
suspension. The analysis is similar and distinguished in comparison to &, changes observed for Figure

7.1. Table 7.2 shows the changes between each equivalent volume of mitochondria or buffer.
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Figure 7.2: Changes in dielectric constant due to addition of 10 ul mitochondria and 10 ul equivalent
volume of respiration buffer, with various substrates, to a respiration buffer volume of 100 ul at a
frequency of 100 kHz. Here, the x axis represents each component added to the suspensions: buffer =
respiration buffer, mito = isolated mitochondria, pyrmal = pyruvate (10 pl) and malate (10 pl), adp =
ADP (8 ul), oligo = oligomycin (4 ul), and fccp = FCCP (6 ul).
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Figure 7.3: Changes in dielectric constant due to addition of 100 pl mitochondria and 100 pl
equivalent volume of respiration buffer, with various substrates, to a respiration buffer volume of 100
ul at a frequency of 100 kHz. Here, the x axis represents each component added to the suspensions:
buffer = respiration buffer, mito = isolated mitochondria, pyrmal = pyruvate (10 ul) and malate (10

ul), adp = ADP (8 ul), oligo = oligomycin (4 ul), and fccp = FCCP (6 ul).

Table 7.2: Relative dielectric permittivity changes when mitochondria and buffer were added in

equivalent volumes to 100 ul respiration buffer at 100 kHz frequency

Here, the substrate step represents each component added to the suspensions: buffer = respiration
buffer, mito = isolated mitochondria, pyrmal = pyruvate (10 ul) and malate (10 ul), adp = ADP (8 nl),

oligo = oligomycin (4 ul), and fccp = FCCP (6 wl).

Relative dielectric permittivity (&,) change when equivalent volume of
buffer is added

Substrate step
10 ul butfer mitolc(r)lgr:dria 100 pl bufter mitggr?olrﬁldria
mito/buffer -23 -0.1 -1.9 -38.8
pyrmal +287.5 +500.2 +223.9 + 408.6
adp +95.8 +415.9 +115.5 +417.5
oligo -11.8 -23.0 -133.8 -429.5
fcep - 140.0 - 307.5 -32.1 -3.7
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As the concentration of isolated mitochondria in the suspension decreases, the change in e,
becomes less significant. Figure 7.4 shows the changes in dielectric constant for experiments
performed for a respiration buffer volume of 500 pul. Since the concentrations of mitochondria and
substrates added are much lower in comparison to the previous experiments discussed, changes in &,
cannot be significantly observed. However, the small changes in &, can be comparable with the
changes observed for higher concentrations of mitochondria in suspension, and in the presence of
various substrates. Table 7.3 gives a quantitative analysis of the changes between each step when

mitochondria or substrates were added.
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Figure 7.4: Changes in dielectric constant due to addition of mitochondria and various substrates to
500 ul respiration buffer at 100 kHz frequency. The data show dielectric constants for 0 pl
mitochondria added, 10 pl mitochondria, 20 ul mitochondria, and 30 ul mitochondria added to the
buffer medium. Here, the X axis represents each component added to the suspensions: buffer =
respiration buffer, mito = isolated mitochondria, pyrmal = pyruvate (10 pl) and malate (10 pl), adp =
ADP (8 ul), oligo = oligomycin (4 ul), and fccp = FCCP (6 ul).
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Table 7.3: Relative dielectric permittivity changes when mitochondria/substrates were added to the
respiration buffer volume of 500 pl at 100 kHz frequency

Here, the substrate step represents each component added to the suspensions: buffer = respiration
buffer, mito = isolated mitochondria, pyrmal = pyruvate (10 ul) and malate (10 ul), adp = ADP (8 nl),
oligo = oligomycin (4 ul), and fccp = FCCP (6 pl).

Relative dielectric permittivity (e,-) change when
mitochondria/substrates are added
Substrate step No
mitochondria 10 ul 20 30 l
added mitochondria mitochondria mitochondria

mito/buffer 0.0 -1.0 +14 -1.4
pyrmal +151.2 +178.2 +181.3 +171.9
adp +119.4 +139.5 +97.3 +109.3
oligo +33.0 -15.2 +17.3 +314
feep -75.0 -60.3 -50.1 -60.4
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7.2 Effects of Substrates on Mitochondrial Membrane Potential

The substrates used during the protocol for measuring oxygen consumption of isolated
mitochondrial suspensions, are components that cause changes in the electron transport within the
inner mitochondrial membrane, and change the mechanism of ATP synthesis. Methods of probing
these changes in the electron transport chain have been established by studies of oxygen consumption
of mitochondrial suspensions. By extensive analysis of impedance changes in correlation with
expected membrane potential changes, this method of dielectric spectroscopic analysis may be useful
in studies of these complex biological systems. Figure 7.5 compares the changes in &, with those of
Ay, for a detailed explanation of the correlation between these variables.

The respiration rate when substrates pyruvate and malate are added to the suspension,
increases as the electron transport chain is activated by the supply of NADH molecules that provide
the required high-energy electrons to complex I. This initiates the transfer of high-energy electrons
across the inner mitochondrial membrane, with an accumulation of protons in the intermembrane
space, and thereby giving rise to a membrane potential. From our hypothesis, the observed change in
&, When pyruvate and malate are added to the mitochondrial suspension, seemingly correlates with the
expected increase in Ay,,.

According to the protocol used in bioenergetics, substrate ADP is titrated in the next step to
initiate ATP synthesis. The ATP synthase enzyme, also known as complex V, uses the already
established proton concentration gradient and membrane potential across the inner mitochondrial
membrane, to drive the synthesis of ATP across its molecular motors. The generation of ATP via ADP
and inorganic phosphate (Pi) essentially consumes the membrane potential and decreases it across the
inner mitochondrial membrane. However, the mechanism of electron transport and proton pumping

also continues to maintain the drop in the membrane potential. This increased rate in electron transport
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is apparent from the increase in oxygen flux observed when ADP is added to the suspension. Based on
our hypothesis, the drop in the membrane potential should decrease the relative dielectric permittivity
observed in the suspension. Figure 7.5 (2) exhibits a significant increase in &, when ADP is added. It is
plausible that any reduction in &, due to reduced Ay, is more than compensated by an increase in &,
caused by ADP’s charge and polar characteristics.

A mitochondrial inhibitor, oligomycin is included in the respiration study protocol as a direct
measure of the proton leak that takes place in the inner mitochondrial membrane. Oligomycin inhibits
the ATP synthase enzyme, by blocking the Fo subunit proton channel. This causes ATP synthesis to
cease, resulting in a slight hyperpolarization of the inner membrane. Figure 7.5 (b) shows how the
oxygen flux rate drops increasingly when oligomycin is added, since electron transport rate
decelerates. The slight hyperpolarization expected to be caused by oligomycin depends on substrate
oxidation upstream of the electron transport chain, and should increase the relative dielectric
permittivity according to our hypothesis. However, the drop in &, shown in Figure 7.5 (a) can explain
a correlating decrease in Ay,,, consistent with reduced glycolytic capacity to allow electron transport
to be maintained.

The addition of a protonophore, FCCP ultimately uncouples the mitochondrial membrane.
FCCP works by forming a leak of protons across the lipid membrane of the mitochondrial membrane.
This causes the membrane to depolarize, bringing the membrane potential down at an increasing rate,
and eventually uncoupling the inner mitochondrial membrane. Although FCCP depolarizes the
membrane, the oxygen flux is seen to increase as this induces a maximal respiration rate. Consistent
with our hypothesis, the expected significant decrease in Ay, with FCCP can be correlated with the &,

decrease seen in Figure 7.5 (a).
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Figure 7.5: Correlation between dielectric constant change and oxygen consumption rate: (a) relative
dielectric constant change for 10 ul buffer or 10 ul mitochondria in 100 ul buffer, where the x axis
represents each component added to the suspensions: buffer = respiration buffer, mito = isolated
mitochondria, pyrmal = pyruvate and malate, adp = ADP, oligo = oligomycin, and fccp = FCCP, and
(b) oxygraph for 20 ul mitochondria in 500 pl buffer.

105



7.3  Admittance Based Analysis

Figure 7.6: Parallel configuration of conductance and capacitance for a mitochondrial suspension.

The mitochondrial suspension that consists of a conductance in parallel with a capacitance
provides a simple model of complex admittance (Figure 7.6). The admittance is the inverse of
impedance and provides a convenient method of calculating parallel components of a mitochondrial
suspension. The admittance of the above circuit is given by,

Y = G+ jwC, (7.1)

where, G is the conductance and C is the capacitance. The admittance is also given by,
Y = 1/0( (o + jwe), (7.2)
where, =28.55 1/m, o is the conductivity and ¢ is the dielectric permittivity of the suspension. From

the real and imaginary parts of admittance, the dispersion parameters can be calculated.

Im(Y) = %‘9. (7.4)

Therefore, the conductivity and relative dielectric permittivity can be extracted as,

o= a Re(Y), (7.5)
_alm(Y) (7.6)
& = O.)—SO
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For a series of substrates added to a mitochondrial suspension, the equivalent circuit can be
taken as a parallel combination of the admittance of each component added. Figure 7.7 shows an
example of a combination of admittances for the respiration buffer (Yv), mitochondria (Ym), and

pyruvate and malate (Ypm). The combined admittance for the parallel circuit is given by,

Ysuspension =Y, +Vn + Ypm- (7.7)

By calculating Y, spension With different combinations of each component, the individual admittances

for mitochondria and pyruvate and malate can be calculated.

Yb

O Ym O

Ypm

Figure 7.7: Parallel configuration of admittances for a mitochondrial suspension with added substrates
pyruvate and malate.

The data plots below were obtained for two sets of experimental data with different
mitochondrial volume fractions. The experimental data set with a respiration buffer volume of 100 pl
with 10 pl mitochondria added has a mitochondrial volume fraction of 0.09, and the experimental data
set with a respiration buffer volume of 200 ul with 100 ul mitochondrial added has a mitochondrial
volume fraction of 0.33 were used to obtain admittance data calculations shown below.

In the data plots below, “mito-effective” shows the admittance effect of mitochondria only,

without the effect of the respiration buffer, “pyrmal-buffer” represents effective admittance of
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pyruvate and malate without the effect of the respiration buffer, and “pyrmal-effective” represents

effective influence of pyruvate and malate on mitochondrial function. Here,

Y [mito-effective] = Y [buffer+mito] — Y [buffer] (7.8)
Y [pyrmal-buffer] =Y [buffer+pyrmal] — Y [buffer] (7.9)

Y [pyrmal-effective] = Y [buffer+mito+pyrmal] — Y [buffer+mito] — Y[pyrmal-buffer]  (7.10)

Figures 7.8 and 7.9 show data obtained for real parts of admittance for the addition of
substrates pyruvate and malate (pyrmal) to the mitochondrial suspension for volume fraction 0.09 and
0.33, respectively. Figures 7.10 and 7.11 show data obtained for imaginary parts of admittance for the
addition of substrates pyruvate and malate (pyrmal) to the mitochondrial suspension for volume
fraction 0.09 and 0.33, respectively. The distinction between the curves for effective mitochondria, and
effective pyrmal show that substrates pyruvate and malate have an interaction with mitochondria that

does not depend on the dielectric properties of the substrates themselves.
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Figure 7.8: Real part of effective admittance for mitochondria, and pyruvate and malate for
mitochondrial volume fraction of 0.09.
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Figure 7.9: Real part of effective admittance for mitochondria, and pyruvate and malate for
mitochondrial volume fraction of 0.33.
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Figure 7.10: Imaginary part of effective admittance for mitochondria, and pyruvate and malate for
mitochondrial volume fraction of 0.09.
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Figure 7.11: Imaginary part of effective admittance for mitochondria, and pyruvate and malate for
mitochondrial volume fraction of 0.33.
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The responses of relative dielectric permittivity and conductivity for the effective components
given by equations (7.8), (7.9), and (7.10), were calculated for the two sets of experimental data, and
are displayed below.

Figures 7.12 and 7.13 show data obtained for relative dielectric permittivity for the addition of
substrates pyruvate and malate (pyrmal) to the mitochondrial suspension for volume fraction 0.09 and
0.33, respectively. Figures 7.14 and 7.15 show data obtained for conductivity for the addition of
substrates pyruvate and malate (pyrmal) to the mitochondrial suspension for volume fraction 0.09 and
0.33, respectively.

The relative dielectric permittivity response for effective pyruvate and malate (pyrmal) shows
that &, clearly increases in comparison to the effective response of mitochondria. The increase shows
that the effective pyrmal component is evidently showing the response for the interaction between
mitochondria, and pyruvate and malate, without the effect of the substrates themselves or mitochondria
itself affecting. This can be assumed as a clear indication of the membrane potential change caused by
mitochondria in the presence of pyruvate and malate.

The conductivity responses seen in Figures 7.14 and 7.15, between the effective component of
mitochondria and the effective pyruvate and malate (pyrmal) response also show the clear distinction,
and a proportionality at higher frequencies between the two components. The linear response of
conductivity at frequencies above 10 kHz for these effective parameters prove that these data show

reliable response of mitochondria in the presence of pyruvate and malate substrates.
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Figure 7.12: Relative dielectric permittivity calculated from admittance of effective admittance for
mitochondria, and pyruvate and malate for a mitochondrial volume fraction of 0.09: (a) dispersion
plot, and (b) dispersion plot magnified near 100 kHz frequency range.
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Chapter 8: Conclusions and Future work

In conclusion, a sensitive and effective probe was constructed for the purpose of real-time
impedance spectroscopy studies of biological systems. Our results indicate that the probe was able to
measure subtle changes in dielectric properties of biological media. For mitochondrial suspensions of
various concentrations, the expected changes in membrane potential with titrations of different
substrates, inhibitors, or uncouplers, were found to be congruent with some (though not all) of the
dielectric and conductivity responses analyzed from impedance measurements. These expected
changes were analyzed using basic bioenergetic respiratory protocols that provided insight into
correlation between impedance changes and oxygen consumption in isolated mitochondria.

Biological systems interact with electromagnetic energy through the dielectric and
conductivity properties of biological materials. The effective dielectric responses of mitochondrial
suspensions provide information on the complex polarization processes that take place when an
electric field is applied. Measuring the electrical properties provide understanding of the underlying
biochemical processes that take place in these materials. However, such complex mitochondrial
systems require extensive study to confidently identify and determine the exact processes that exhibit
these behaviors. The investigation of biological specimens through the characterization of their
electrical properties is a promising method from a diagnostic point of view. For complex mechanisms,
such as mitochondrial electron transport pathways, the observed changes can be due to different
properties and processes within the suspension being studied. These include, for example, the highly
charged and polar properties of molecules such as ADP and ATP. In an electronic point of view, the
changes in capacitive and resistive properties of mitochondrial suspensions can be determined, and

modelled for detailed analysis.
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Our technique for studying impedance measurements offers the ability to distinguish data
accurately by removing the effect of electrode polarization. However, externally added substrates can
be assumed to have electrode polarization effects as well, and need to be isolated by studying these
substrates comprehensively to obtain more data. This method proves to be a sensitive and effective
method for observing changes in dielectric properties of materials. The results obtained from this study
show that changes in dielectric response can be correlated with changes in mitochondrial membrane
potential in the presence of pyruvate and malate. Our calculations of admittance allowed the isolation
of the effective change in dielectric constant when mitochondria responded to pyruvate and malate.
These changes confirm that our method distinguishes the membrane potential change that affect the
mitochondrial function.

For future developments building on this study, using extensive research and resources, this
probe that was designed for the study of impedance spectroscopy can be used as a method to probe the
changes in mitochondrial membrane potential and other aspects of mitochondrial activity. This probe
was initially developed with the expectation of measuring impedance in four-terminal configuration to
reduce effects of electrical polarization. Further studies using this device include solving the problem
of instrumental measurement capability in four-terminal configuration, and observing the impedance
for these mitochondrial systems. By developing this method, substantial information can be
determined on these complex systems. Changes in membrane potential are closely correlated with the
functionality and dysfunctionality of mitochondria, and by obtaining a broad range of information of
frequency response of healthy mitochondria, methods can be developed to study dysfunctional and
diseased mitochondria. As a non-invasive diagnostic technique in monitoring variations in biological
functions, use of complex impedance to probe changes in mitochondrial membrane potential and other
properties will likely become an increasingly powerful tool in biology, drug discovery, and medical

diagnostics.
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