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Abstract

The electrical properties of mitochondria provide fundamental insights into
metabolic processes in health and disease. This research studies electrical
impedance spectroscopy as a non-invasive, sensitive, and relatively low cost
technique to monitor biological processes, such as those involving changes in
mitochondrial membrane potential. Our experimental strategy first involves
treating suspensions of live mitochondria with the substrate succinate to
stimulate activity of succinate dehydrogenase, or more simply Complex II. This
triggers electron flux through Complex II and the remaining complexes of the
electron transport chain, enabling them to pump protons across the inner
membrane and build up a membrane potential. Subsequent variability is
introduced by adding various concentrations of the  uncoupler
trifluorocarbonylcyanide phenylhydrazone (FCCP) and the neurotransmitter
dopamine (DA) to mitochondrial suspensions, and measuring changes in
impedance.  Our results show that adding succinate decreases impedance,
consistent with an increase in dielectric response and membrane potential.
Overall, our investigation establishes real-time impedance spectroscopy as a
non-destructive, potentially powerful method for membrane potential studies of

mitochondria.
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Chapter 1

Introduction

1.1 Motivation

All aerobic organisms depend on oxygen for their survival, and must therefore
adapt to changes in oxygen concentration, sometimes by altering gene expression,
in order to maintain energy metabolism[6, 35, 63]. A tight coupling exists between
oxygen consumption and energy demand[77]. Cellular functions directly correlate
with cellular energy supplies. A decrease in ATP-utilizing pathways translates into
a decrease in cellular respiration rates and demand for oxygen. Since mitochondria
synthesize ATP in mammals and other eukaryotes, it is quite natural that all major
kinase signaling pathways in mammals target the mitochondrion and influence its
function[29, 113, 155]. Thus, mitochondria play key role, not only in providing
energy, but also in modulating the cell’s central pathways and processes.

Mitochondria are often described as “cellular powerhouses”, since they

1



provide chemical energy, in the form of ATP, largely via oxidative
phosphorylation of adenosine diphosphate (ADP)[38]. These organelles play
additional roles, such as signaling, synthesis, and apoptosis, which can be cell
specific. Most ATP is produced by a series of protein complexes (I-V), known as
the electron transport chain (ETC) or respiratory chain[62, 163], in the
mitochondrial inner membrane. Complexes I-IV use energy from donated
electrons to pump protons across the inner membrane, from the matrix to the
intra-mitochondrial membrane space, to build up a proton gradient and
membrane potential. Oxygen (about 90% of what we breathe) is consumed by
complex IV, also known as cytochrome c oxidase, so the rates of electron
transport and proton pumping both correlate with the rate of oxygen
consumption, unless dysfunction prevents one or more complexes from pumping
protons.  The resulting proton gradient and electric potential across the
mitochondrial inner membrane drive the rotary motor ATP synthase (complex
V) to synthesize ATP from ADP and inorganic phosphates Pi. Since the proton
gradient is equivalent to a pH difference, ATP synthesis depends both on the
electric potential and difference in pH across the membrane. Biological processes,
such as those involving mitochondria, can be probed using a miniaturized
‘lab-on-a-chip’ device incorporating sensors and microfluidic channels, a
biological micro-electromechanical system[18] for example. The impedance
sensing approach discussed in this dissertation could readily be adapted to such

miniaturized systems for in vitro studies of mitochondrial function or

2



dysfunction.

Dysfunction of the mitochondrial respiratory chain is implicated in several
major diseases, including type 2 diabetes, heart disease, and cancer
[82, 149, 158]. The uniqueness of such disorders often lies in their clinical
heterogeneity and multiple pathophysiology, making it more difficult to identify
the most appropriate personalized treatment. Considerable research has focused
on developing sensors or biomarkers that can characterize the biological states of
an organism at the cellular and molecular levels[9, 103]. There is a pressing need,
both in the clinic and the lab (e.g., for biomedical research and drug discovery),
for label-free biosensors that provide higher throughput, smaller sample size, and
lower cost. In this regard, sensors relying on biomarkers show both promise and
relevance. To provide an example, such biosensors are now widely employed for
self-monitoring of glucose and in pregnancy tests. Nevertheless, strategies are
needed to detect normal and dysfunctional processes related to metabolism, i.e.,
in mitochondria. The impedance monitoring approach discussed here, while
initially being tested in vitro in the lab, could eventually be developed into
instruments for in vivo clinical monitoring of mitochondrial dysfunction since
electromagnetic fields, at microwave frequencies and lower, readily pass through
the body.

Since the mitochondrial membrane potential (A¥,,), which drives ATP
production, is a key parameter that relates to the state of activity, health,

and/or dysfunction of mitochondrial metabolism [91, 93]. A label-free method of
3



probing temporal changes in AY,,, would thus be a powerful tool to help probe
metabolic activity in health and disease. Through a couple of recent studies by
Prodan et al.[130-132], changes in cellular membrane potential have been shown,
both theoretically and experimentally, to correlate with changes in impedance of
cell suspensions. Our present study is designed to test whether temporal changes
in impedance, in certain frequency ranges, correlate with changes in
mitochondrial membrane potential. Electrical impedance is a complex quantity
that includes both the resistance and reactance (capacitive or inductive) of the
material at different frequencies. In case of biological samples, electrical
impedance depends on the type of tissue or cell and active processes taking
place, including intra- and extra-cellular processes involving biological

membranes, as discussed in the next section.

1.2 Electrical Impedance Spectroscopy

Understanding about properties of materials has been greatly enhanced from our
insights and knowledge regarding interaction of electromagnetic radiation with
matter. As an example, dispersion of dielectric permittivity and energy band
absorption for materials has been demonstrated in the frequency range of 1076
Hz - 10" Hz due to the underlying electrical polarization and conduction
processes. The details of the mechanisms and precise frequency locations are

determined by the physical factors under which the material is subjected to and



the nature of the material. = The method which is utilized to study the
electrical /dielectric properties of the materials can be generically described by
electric impedance spectroscopy (EIS). In general, electrical impedance signifies
the “complex” resistance which resist the flow of electrons through the material.
The impedance behavior carries the unique fingerprint for a variety of
fundamental microscopic processes[11, 96, 115]. As an illustration for a cell,
Figure 1.1 shows how impedance signal characterizes various properties of the
cell in terms of frequency. The way EIS works is by investigating the system

Impedance signal
0.3

025
0.2F
0.15F
01F
0.05F

Magnitude (V)

Cytoplasm \/acoles

0 . ,
104 105 106 107 108
Frequency (Hz)

F1GURE 1.1: Cell impedance as a function of frequency[154].

response of an applied signal to a system at various frequencies. The alternating
electric field generates a dipole moment on the charges which arises due to the
relative motion of the particles in different layers. Measurable quantities are the
impedance values, phase angle, and relaxation frequency, which are the
macroscopic representatives of the dipole moment.  Quantification of the

measured variables gives us information about size, shape, and surface of particle



dispersion, nature of dispersed medium, and concentration of particles. The
illustration for the cell impedance study reveals how different facets of a
biological cell like a) size, b) membrane capacitance, and c¢) cytoplasm and
subcellular component can be understood at different frequencies[130, 132].

The investigation of impedance spectroscopy has been phenomenal in gaining
information about structure, reaction, and interference of a system, including the
study of bulk transport material properties. The method relies on electrical
measurement of resistance, capacitance, and inductance. The impedance spectra
produced is dependent on equivalent circuits which has different elements
consisting of resistors and capacitances[130, 132].

In Figure 1.2 we have shown a representation of circuits with different
configurations. In this case the symbols p, s, and oo refer to “parallel”, “series”,
and “open” circuit configurations respectively.  The frequency dependent
impedance is given by the formula and the associated conductances and

capacitance is given by the formula

Z(w) = Rp(w) +iX,,(w), (1.1)

where w is the angular frequency, and R, and X,, are measured resistance and

reactance of the impedance data. In terms of Z-components, the conductance (G)



(a) (b) (©)

Jr Lo Lo =l e

(d) (e)

FIGURE 1.2: Model equivalent electrical circuits for different relaxation and
conduction phenomenal[160].

and capacitance (C') can be given as

Ry,
Gp(w) = m and (12)

Oy(w) = ﬁ. (1.3)

The conductivity (o) and the relative permittivity (ex) can be computed through

the following formulas

o = C—ZG and (1.4)
a

e = & —id, (1.5)



where d is the average separation between the electrodes, A the surface area of

/

the electrode, ¢ is the relative permittivity of the material, and ¢’ is the

out-of-plane loss factor. The ratio g is the cell constant factor. Both the

conductivity and relative permittivity depend on the nature of the sample and

have a interrelationship among them given by

d

€ = ac and (1.6)
a €q

¢ = o/ew. (1.7)

The wideband electrical impedance data measurement for each sample is fitted
to extrapolate the parameters from data spectra in accordance with Cole-Cole

expression[70, 78, 159]

(RO — ROO)

Z(w)" = Ry - ,
() 7 + (iwT)>

(1.8)

where R, is the high frequency resistance, Ry is the low frequency resistance,
7 is the time relaxation constant, and « is the parameter which allows for the
broadening of the dispersion. We would look into these in more details in Chapter

3.

1.2.1 Instrumentation

Impedance measurement utilizes a frequency response analyzer through which a

periodic signal is enforced to a sample compartment through a load. Analysis of



the voltage and current feedback through frequency response estimates the
resistive, capacitive, and inductive behavior. The underlying mechanisms in the
medium, which includes transport processes and reactions, exhibit physical
phenomena at different frequencies indicative of different time-constants.
Impedance spectroscopy for a range of frequencies provides a non-intrusive high
signal-to-noise ratio procedure to quantify impedance linked with different

processes.

1.3 Bioimpedance

There are variety of approaches for understanding dielectric features of cells and
tissues due to the development in electrophysiology, microelectronics, and
microfluidics. A low-cost, non-invasive alternative is obtained through
bioelectrical impedance analysis (BIA)[130, 132]. Biological cells and tissues are
characterized by frequency-dependent dielectric properties with high dielectric
constant at lower frequency, which decays through different steps as the
frequency increases. Thus, as we have discussed in the previous section, the
relaxation phenomena at different frequencies enables classification of a
multitude of underlying processes. Dielectric studies of biomaterial hold a
tremendous potential. Analysis of biological samples through the measurement
of electrical impedance is investigated via electrical bio-impedance

studies[61, 102, 121]. Generically bio-impedance indicates how living organisms



respond to an applied electric filed/current. Label-free techniques have shown
encouraging results for biological analysis. With the advent of new and emerging
digital technologies, the efficacy of impedance measurements as non-invasive
methodology have drastically improved and are projected as promising
alternatives[13].

As shown in Figure 1.3, measurement of impedance for biological cells
proceeds by infusing a high-frequency periodic current into the tissue via the
drive electrodes, which subsequently creates a voltage difference between the
receiver electrodes. The developed potential difference is correlated to the
properties of the tissue which is quantified by the impedance measurements.
From a biological point of view EIS deciphers data for cell size for lower

IAC
@

AC Voltmeter

Drive Receive
Electrode Electrode

N,

Tissue

FIGURE 1.3: Generic measurement strategy for bio-impedance[137].

frequencies ranging from ~100 kHz - 1 MHz, cell membrane capacitance at
frequencies around ~2 - 5 MHz, and dielectric characteristics at much higher

frequencies. Thus, from a practical standpoint, owing to the large variation in

10



material properties and structures, EIS is emerging as an extremely capable
tool[13, 132].

The human body is a many faceted biological structure composed of many
tissues. All these biological cells contain intracellular fluids and cell envelopes,
and are suspended in extracellular fluids. Thus, in general, biological tissues
possess complex frequency dependent electrical impedance which can act as vital
biomarkers to distinguish between normal and cancerous tissue. BIA is a

technique which can be implemented for the whole body as seen in Figure 1.4.

l |

Trunk

Wrist Leg
to ankle

Arm

Current injection

FIGURE 1.4: Body parts screened by bioelectrical impedance analysis[108].

The technology can be readily implemented for clinical applications and
research, as the frequency response relies on the anatomical and

pathophysiological condition of tissues. Currently, it has been applied to a wide
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variety of areas including impedance-cardiography, impedance-plethysmography,
and measurement of fluid in pleural cavities associated with the detection of deep
vein thrombosis, multiple bioimpedance measurements for monitoring the lung
function, monitoring of body composition, and detection of several kinds of

cancers|1, 64].

1.3.1 Bioimpedance Methodology

For biological samples, determination of impedance is designed through
polarization of dielectric particles under the influence of an electric field[132]. For
the range of frequencies used in physiological solutions, bound and free charges
give rise to real and imaginary part of impedance values respectively. In the case
for suspension, effective permittivity for the particle and medium is given by the

mixing equation as

1 + 2¢fCM (w)

Emiz = €m1 T 2¢fCM(W>, (19)

where €, is the complex permittivity of the mixture, €, is the complex
permittivity of the medium, ¢ is the ratio of particle to detection volume, and

feur is the Clausius-Mossotti factor given as

_ " m (1.10)
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with €, as the complex permittivity of the particle. The impedance is related to

the permittivity as given by

7 x

IWen,

A generic circuit description of biological samples in suspension consists of a
resistance of the extracellular fluid in parallel to a series combination of the
membrane capacitance and resistance of the intracellular fluid. An equivalent
circuit model including cell membrane conductance and cytoplasm capacitance is

a general model as shown in Figure 1.5. The electrical components are given by a

. -~ = ~ S
’ ’
’ R N
Vi i/ \
/7 \
/ — \ r’
m ' Ci 1
, Cell ' m
y —
‘ "
\ ’ __( mcml'
\ R mem T /
\ >
\ /
\ /’
N ’
= - - - - -

F1GURE 1.5: Circuit model for a single shelled particle in suspension[154].

combination of relaxation processes from polarization of cell membrane
suspending medium interface and the other due to the polarization between
suspending medium and cytoplasm. In Figure 1.5, R/ and C/ denote the

effective resistance and capacitance of suspending medium respectively, R/
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and C),.,, the resistance and capacitance of the cell membrane respectively, and
R} and C! the resistance and capacitance of the cytoplasm respectively. Thus, in
general, the behavior of biological samples are complex in accordance with
Cole-Cole relaxations (which we explain in detail in Chapter 3) as shown in
Figure 1.6, where the current passes through the extracellular fluid at low
frequencies. In such a scenario the cell behaves as an insulator with a resistance
Ry. For higher frequencies, capacitance is close to being ideal and the resistance

contribution is from both the extracellular and intra cellular components. The

A
Impedance Z (Q)

o= 1

Phase angle

N

- Reactance X_(Q)

Frequency
increases

>

R Resistance R (Q) Ro

FIGURE 1.6: Cole plot in the impedance plane[108].

complex impedance in this case is described by Cole equation

Ry — Ry

7 = Roo —_—,
* 1+ (iwT)e

(1.12)

with Z(w) being the complex impedance, 7 the mean relaxation time, and «

denoting an empirically determined constant.
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In recent years the investigation of BIA has emerged as an extremely popular
analytical technique for various biological applications that include
characterization of batteries, fuel cells, ceramics, coatings, semi-conductors,
sensors, and corrosion[34, 50, 90]. Impedance analysis at multiple frequencies has
been introduced to classify the biological mechanisms with better control using
dispersions[50, 95, 105]. Nevertheless, one of the disadvantages of BIA is that the
surface electrodes have high voltage and current (800 11A)[46, 156]. Thus, novel
techniques needs to be implemented to decrease the instabilities related to

injection current.

1.4 Objectives and Goals

Bigger Picture

Mitochondrial diseases form a clinically heterogeneous group of disorders. They
can be present at birth or develop later in life. About 1 in 2000 children in the
U.S.A. develop mitochondrial diseases by the age of ten years. 400-1000 children
per year in the U.S.A. are born with a type of mitochondrial diseases. These
are invisible diseases and diagnosis is difficult. Muscle biopsy and brain imaging
are two procedures which are expensive and anaesthetic risk factors are involved.
One single test is not effective, and thereby repeated trial measurements and an

integrated approach are necessary.
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Goals
Electrical Impedance is a promising tool to probe the changes in the electrical
properties of mitochondrial membrane[130, 132]. It can be used in conjunction
with any other existing method, such as the patch clamp and the fluorescent dye
method, for such studies.

The goals of this project are to: 1) test the extent to which impedance vs.
frequency and time of suspended live mitochondria, can be used to monitor
changes that correlate with expected changes in mitochondrial membrane
potential, induced by various known substrates (succinate, ADP, FCCP, etc.),
and 2) wuse impedance response as a tool to explore whether excess
concentrations of novel substrates, in particular the neurotransmitter dopamine,
can adversely affect mitochondrial membrane potential in a fashion similar to

that of the known uncoupler FCCP.

1.5 Dissertation Overview

The remainder of this dissertation is organized as follows. Chapters 2-4 provide
background material on impedance of biological systems and on mitochondria,
with particular focus on the mitochondrial electron transport chain. Chapters 5-7
discuss the experimental methods and results for this project, while Chapter 8

provides interpretation and concluding remarks.
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Chapter 2

Mitochondria and Membrane

Potential

2.1 Introduction

One of the key distinctions between prokaryotic and eukaryotic entities is
encapsulated in the existence of genomes containing a membranous nuclear
envelope with pores with mitochondria[5, 101]. It is now widely believed that
mitochondria were generated 1.5 billion years ago from ancient prokaryote.
Mitochondria beget pathways for aerobic respiration, eukaryotic cell generation,
and complex multicellular organisms. As we have emphasized in the
introduction, mitochondrion is central to the life and death mechanism of a cell.
Mitochondria are double membrane cellular organelles which control a variety of

processes in eukaryotic cells. The central job of a mitochondrial entity is involved
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in energy production. Thus, mitochondrion is the cell organelle which makes
oxygen usable for the cells to function. Under aerobic conditions, most of the
ATP which the eukaryotic cells utilize is produced via mitochondrial oxidative
phosphorylation (OXPHOS)[46]. ATP synthesis proceeds by coupling the
phosphorylation mechanism to the mitochondrial respiratory chain for oxygen
reduction. From a genetic standpoint, particularly in humans, the mitochondrial
genome consists of a circular collection of DNA molecules consisting of around
tens of thousand base pairs[20]. The proteins encoded by mitochondrial DNA
(mtDNA) are essential ingredients for OXPHOS complex as shown in Figure 2.1.
However, mtDNA is capable of generating a small set of proteins which plays a
key role for the respiratory chain. Nuclear genes are the ones which encode most
of the mitochondrial proteins, whose mutations are the ones responsible for the
development of mitochondrial disorders. The symptomatic diagnosis of the
diseases are quite varied depending on the specific alteration of the
mitochondrial function.

Mitochondria play a key role in governing signalling components in different
metabolic pathways. The pathways affect the action of proteins inside the cell
which alters gene expression, eventually modifying the mitochondrial chamber.
Investigation of the functionality of mitochondria has progressed rapidly in the
last couple of years due to the advances in high-resolution microscopy and protein

X-ray crystallography.
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FIGURE 2.1: Human mitochondrial genome[39].

2.2 Mitochondrial Structure and Function

Electron microscopy has revealed that mitochondria exhibit a morphology
consisting of a matrix enclosed by an inner membrane, and an inter-membrane
space which separates the inner from outer membrane. Structurally
mitochondria span length scales to around 0.5-1 um. The outer membrane
contains many copies of a transport protein porin, which forms aqueous channels

allowing molecules with an upper bound in molecular weight which penetrates
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the membrane. The folding or “cristae” of the inner membrane increases the
surface area of the membrane which generate a “baffle-like” model[55, 118], as

shown in Figure 2.2. The surface area on the inner membrane, which is
Porins (a type of stalkless particle)

Outer membrane (OM)

Inner membrane (IM)
Inter-membrane space

Matrix

Ribosome

mRNA + polysome

Granule (calcium
phosphate)

Circular DNA molecule

ATP synthase (stalked particle)
ETC

FIGURE 2.2: Structure of mitochondrial[3].

topologically continuous on the one hand, spreads into an inner boundary
membrane in close proximity to the outer membrane, whereas the other part
forms cristae-like lamellar structures and connects with the inner boundary with
tubular structures cristae junctions. For an isolated mitochondria, the matrix
stays in a condensed form driven by osmosis. So, for most of the circumstances
the inner boundary membrane is detached from the outer membrane apart from
some contact sites. From a dynamic viewpoint, the structural morphology of
mitochondria arises from interactions of proteins on the outer surface of
cytoskeleton with various components consisting of intermediate and actin

filaments along with microtubule.
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Mitochondria play the dominant role in converting food products, such as
glucose and fatty acids, into ATP. Mitochondria are also crucial for intracellular
signalling, thermogenesis, calcium and iron homeostasis, and apoptosis apart
from metabolic pathways via oxidative mechanisms. Oxidative metabolism is
sustained through pyruvate, which is generated through the fatty acids from
triglycerides and the carbohydrates, which are responsible for glycolysis.
Pyruvate is selectively imported into the mitochondrial matrix, which is
subsequently broken down into acetyl CoA. The functional acetyl units are the
main ingredients for the tricarboxylic acid cycle (TCA cycle), which are
generated from pyruvate and release COs or breakdown of fatty and amino acids
in the mitochondrion. Eventually citrate is released and helps to have a feedback
loop whereby it is converted back to acetyl CoA by ATP citrate lyase. The
pathway cycle happens to be a-ketoglutarate and oxaloacetate, which play an
important role in the generation of the amino acids. Eventually the succinyl-CoA
from this cycle produces porphyrin, which facilitates heme biosynthesis.

Thus, the above functionalities of mitochondria demonstrate their importance,
without which the cells will not be able to function properly. Thus, a functional
mitochondrion is a key promoter of the metabolic pathways which feeds ATP to
drive mitochondrial membrane potential. This justifies mitochondria’s role as the

predominant machinery for oxidative phosphorylation.
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2.3 Theory of Mitochondrial Bioenergetics

Energy flow in mitochondria proceeds through a sequence of steps through which
the energy released from carboxylic acids by the oxidation of NADH to NAD+ is
utilized to generate an electrochemical gradient by pumping out the protons
from the matrix. The gradient creates a difference in pH, and the chemical
difference modulates a molecular motor FoF; ATPase crucial for the synthesis of
ATP. The functional acetyl unit aids in citric acid cycle producing NADH and
FADH for OXPHOS. NADH produces electrons which makes a passage through
a series of molecules via the electron transport chain (ETC), giving water and
ATP as byproducts. Thus, this mechanism leads to synthesis of ATP via proton
transport across mitochondrial matrix down the electrochemical gradient through

the respiratory complex. Broadly the scheme works as shown in Figure 2.3.

NADH
—»| ELECTRON TRANSPORT _,
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N
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EXPORT

N

BIOLOGICAL WORK

FIGURE 2.3: Electron transport and OXPHOS[138].
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OXPHOS relies on the breakdown of glucose to water and carbon dioxide
promoted by the combination of NADH and FADH,. These mechanisms are
important for donating electrons to mediate the oxygen current via a series of
molecular machines through the inner membrane of mitochondria. The feedback
loop coalesces the ATP synthase in the inner membrane and the protons into the
inner membrane matrix. Thus, the process of ATP generation proceeds via the
proton gradient through the electron transport chain whereby ADP to ATP

conversion takes place, as shown in Figure 2.4

Intermembrane Space (Cytosol)

FIGURE 2.4: Proton pumping via the respiratory chain[138].

In terms of the specific players, the molecular motors we mentioned earlier
for the mitochondrial pathway, are composed of Complexes I-V, which eventually
have the task of proton pumping by oxidizing the electron donors and oxidative
phosphorylation. Mitochondrial respiratory chain consists of a group of enzymes

consisting of five complexes (Complex I-V) and two electron carriers
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(ubiquinone/coenzyme Q and cytochrome c¢). FEnergy of the electrons flows

through the different complexes of the mitochondrial chain in the form of

oxygen, generating a gradient and eventual release of ATP, as shown in detail in

Figure 2.5. Proton dynamics through the inner mitochondrial membrane leads to
e the difference of pH (ApH)in the matrix compared to the cytosol, and

e a net flow of protons outward resulting in a voltage gradient (AV).

Mitochondrial inner membrane

Pyrtlnvate /

Isocitrate

NADH
Y &, NADH
Mﬁe - a-KG @ Glu

FIGURE 2.5: Mitochondrial respiratory chain[97].
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2.4 Mitochondrial Membrane Potential

The rise of the membrane potential is facilitated through an electrical charge
difference between the two sides of the membrane. For mitochondrial processes,
either proton pumping or passive ion diffusion generates the charge difference.
Ionic gradients across the membranes are maintained through molecular ion pumps
by which the cells expend energy. The ion channel pumps are pore specific, which
help in diffusion of the rate-dependent predominant ion types (Na*, KT, Ca®+,
and C17)[26, 95].

As we have seen earlier, it is now well known that two different natures of
gradients, one the chemical gradient of protons (ApH,,) and the other the
mitochondrial membrane potential (AY,,), collectively determine the
proton-motive force. The negative charge of the matrix side of the inner
mitochondrial membrane enables accumulation of acidic contents in the
mitochondria, which induces the ATP synthase to benefit from the
electrochemical gradient and synthesize ATP. The electrochemical potential is
given by

Ap = —FAW,, + 2.3RT ApH,y, (2.1)

where F' is Faraday’s constant, R is universal gas constant, and 7' is absolute
temperature. Non-vanishing electrochemical potential indicate ion transport

across the membrane. At equilibrium we have Ay = 0 as in Equation (2.1),
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which readily gives Nerst equation as

2.3RT
AG, = 3R

ApH,,. (2.2)

Equation (2.2) gives us an estimate of the ionic potential difference across the
membrane. The membrane potential, as measured from the concentration of

permeable ions outside and inside of the membrane, is given by[128]

glnPK[KJr]o + PNa[Na'Jr]o + PCZ[Cli]i
F " Pg[K*]i + Pya[Na™]; + Pa[Cl7],’

ApH,, = (2.3)

where Pk, Pyn,, and Pg; indicate permeability for potassium, sodium, and chloride
respectively. The subscripts o and ¢ denote the concentration outside and inside

the membrane respectively.

2.5 Connecting Membrane Potential with

Mitochondrial Disorder

Distinction between normal cell functioning, mitochondrial activity, and
mitochondrial diseases can be marked via the mitochondrial membrane potential.
The membrane potential is an indicator of the energetics of normal cells and the
state of mitochondrial permeability[25, 51, 135, 164]. There exist some studies

which have established that mitochondria of malignant phenotypes have lower
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rates of ATP synthesis and lower capacity of hydrolysis[33, 123].  Thus,
mitochondrial potential studies have the promise to develop tools with biomarker
capabilities[103, 130, 132].

A variety of measurement techniques have been developed to investigate
membrane potential AY¥,,,  which include fluorescent probes and
electrophysiological methods. The component of electrophysiological techniques
relies on voltage/patch-clamping methods[94, 106, 153]. Membrane potential is
quantified by the potential difference between the electrodes. Without
penetrating the membrane, in patch-clamping technique, a patch electrode
contacts the surface of the membrane[106]. The patch electrode is coupled to the
cellular cytoplasm, and in the absence of current, the membrane potential is
listed with respect to a reference electron in the solution.  Despite the
advantages, the method is less efficient with a low throughput[66, 153].

Fluorescent methods for membrane potential quantification are optical
methods based on the use of voltage sensitive dyes[66, 153]. The success of this
easy method is based on rapid data procurement and relatively higher read out.
However, there also exists issues related to dye calibration which may lead to
difficulty for absolute determination of the membrane potential.

It is now widely believed that mitochondrial membrane permeability plays a
conclusive role in cell fate related to survival and apoptosis, irrespective of cell
morphology and functionality. The regulation of mitochondrial membrane

potential, which controls the permeability of the outer mitochondrial membrane,
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is the main contributor for normal cell functioning and death. AW, is related to
the enhanced generation of reactive oxygen species which percolates the
antioxidant machinery to induce mitochondrial damage. Increased membrane
potential also enables cues for reactive ion species accumulation via generation of
ATP synthase inhibitors like oligomycin, which leads to the production of stress
response genes leading to bioenergetic crisis. =~ Mitochondria have a high
transmembrane potential A%, under physiological conditions where the proteins
are localized in the intermembrane space and outer membrane permeabilization
is inhibited. Thus, we clearly illustrate a scheme of a diagnostic marker for

cellular pathophysiology in terms of mitochondrial membrane potential[116, 132].
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Chapter 3

Dielectric Phenomena

3.1 Matter in a Static Electric Field

Electrical properties of materials are determined by the responses of the
materials to an applied electric field. On the application of electric field to a
material, two very distinct phenomena can occur: a) the energy in the field is
lost by dissipation from the motion of the constituent charge carriers, or b) the
energy is stored at the cost of polarization of the material. Polarization arises in
a material through the atoms when there is a distortion of the negative electron
cloud around the positive atomic nuclei in a direction opposite to the field. This
creates a separation of charge, which in turn induces a dipole in the material.
Apart from the contribution of dipoles, polarization can be interfacial due to
charge accumulation at the surfaces between materials[125]. Apart from the role

of dipoles in polarization, there exists another possibility, where the migration of
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FIGURE 3.1: (a) Forces acting on the dipole and (b) polarization induced in
material from the alignment of dipole with the applied electric field.

charge carriers will influence the dielectric/conductive response of the material.
In these systems hopping electrons are the free-charge carriers, in contrast to the
bound charges for the dipole case which gives rise to polarizability.

A material’s response to an applied electric field is modulated by two key
parameters, the conductivity o and permittivity e. Conductivity is determined by
the mobility of the charges, whereas permittivity is a measure of the polarizability
of the material. As our work focusses on biological materials, we in the following

subsections discuss about the behavior of dielectrics.

3.1.1 Dielectric Polarization

Dielectrics are portrayed as materials mostly having bound charges. With the
application of an electric field the material acquires a non-vanishing macroscopic

dipole moment and bound charges become polarized, giving rise to a polarization P
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of the material under consideration. In the linear approximation, the polarization
of the dielectric material is directly correlated with the strength of electric field
E. For an isotropic and uniform dielectric, the relationship is given by P = eyx E.
Maxwell’s theory of electromagnetism has clearly shown that for this classes of
materials the field from the bound charges are included in the electric displacement

vector D. The interrelationship among these quantities is succinctly given by

D=eE+DP (3.1)

In the case for a uniform isotropic dielectric, where the polarization is linearly
proportional to the applied electric field, Equation (3.1) simplifies as D = €€, F,
where €, = 1 4 y, is the relative dielectric permittivity or the dielectric constant
of the material and x is the dielectric susceptibility of the material. The
polarization in the linear approximation is, in general, independent of the electric
field. However, as we will discuss later for time varying electric field, it is
dependent on the frequency of the applied electric field, in addition to other

factors like temperature, density, or chemical composition[19, 120, 131, 132].

3.1.2 Polarization Mechanisms from Dipoles through

Static Charge Distribution

Ordering of charge distribution with a statics process, mostly in the form of

dipoles or charge separation in dielectric sample, can proceed via different
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mechanisms. Broadly speaking there are four distinct mechanisms of
polarization. In Figure 3.2 we have pictorially depicted the three different types
of polarization.

Electronic polarization: It is related to the displacement of the nuclei and
electron cloud under the effect of the applied field. The field induces a rapid
response of the electrons which is usually realizable at optical frequencies. Forces
against the displacement of the charges is relatively thermally unresponsive due
to the presence of intramolecular forces, making the electronic polarization
virtually independent of temperature.

Atomic/Ionic polarization: For materials which are ionic, the applied
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FIGURE 3.2: Different mechanisms of polarization (a) electronic, (b) ionic, (c)
orientational and (d) interfacial[32, 84, 161].
electric field creates a dipole moment in the materials by displacing the positive

and negative ions in two different directions (positive and negative ions in the
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direction and opposite of the applied field respectively). The polarization is
dependent on the nature of the interface which gives rise to ion accumulation
and operates at the infrared frequency range.

Orientational polarization: This scenario arises from the presence of polar
groups (molecules having permanent dipole moments). In this case dipole
alignment is induced by an effective torque on the polar molecules. Orientation
polarization operates at lower frequencies. Since rotation of the molecules from
the torque developed is also effected by thermal turbulence, orientational
polarization is strongly temperature dependent.

Space charge/interfacial polarization: This type of frequency-dependent
polarization is relevant for our study involving biological samples. Unlike
displacement of bound charges for the polarization mechanisms discussed above,
in this case macroscopic distortions in the field are induced by trapped positive

and negative space charges at interior interfaces or in the bulk of material.

3.1.3 Polarization Mechanisms from Dipoles via Hopping
Charges

Polarization through hopping mechanisms provide a distinct alternative process,
even though biologically not much relevant. Thus, we will not elaborate much
on this, however for the sake of completeness, we discuss them very briefly in

the dissertation whenever it is pertinent to discuss in comparison to the dipole
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polarization schemes[160)].

Hopping polarization arises when localized charges move between adjacent
sites. Usually the transport traps the charges in localized sites for most of the
time, with small times spent by jumping over a potential barrier to neighbouring
sites. The width and height of the potential barrier determines the probability of

transition between the states. In Figure 3.3 we have shown a double-well potential

FiGure 3.3: Illustration of hopping polarization arising due to hopping of
charges between two different states A and B via a double potential well[84].

where the hopping transition is determined at thermal equilibrium from time-

averaged probability P4_,p and Pg_,4 of a particle to hop in between two adjacent
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sites A and B to form a dipole. The hopping probabilities are given by

Pa,p o< exp(—E4/kT) and

—FE4— AFEy

Pp,a o< exp( T )

where FE, is the activation energy for the transition and AFE, is the energy

difference F4 — Fg. The hopping probability is given by

Qhop X (PassgPpsa), (3.2)

where the angular brackets denote ensemble average.

3.2 Dielectrics in Time-dependent Fields

Dipoles tend to make realignment with the field in situations where the electric
field varies or changes its direction with time. Usually depending on the type of
polarization, there exists some minimal finite amount of time over which the
reorientation takes place. Thus, different polarization mechanisms we have
discussed above give rise to a dielectric relaxation process with a characteristic
time constant/frequency response[19, 81, 125]. In Figure 3.4 we depict the
time-dependent polarization of a material in a time-varying electric field with the
asymptotic polarization limits given by P, and F,. In general, a dipole will not

be able to change orientation, and thereby will not contribute to the dielectric
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FIGURE 3.4: Effect of time dependence of electric field on polarization as shown
above with (a) applied electric field and (b) corresponding polarization[84].

constant if the frequency of the applied electric field is greater than the
relaxation frequency.

Quantitatively, polarization of a material on the application of an external field
is not instantaneous. After the field becomes operational, a time delay exists for
the material to get polarized. Similarly, if the field is withdrawn, polarization decay
taking place via thermal cues obey a relaxation process in terms of a dielectric

polarization function &(t), which is given by
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where P(t) is the time-dependent polarization vector. In this case, Equation (3.1)

takes an equivalent form D(t) = g E(t) + P(t), which is explicitly given by

t

D{t) = & [emE(t) + /

—00

CE@—ﬂM@, (3.4)

where @(t) is the dielectric response function given by @(t) = (€5 — €x)[1 — ¢(1)]
with €, and e, are the two asymptotic limits of the dielectric permittivity in the

low and high frequency limit respectively.
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FIGURE 3.5: Polarization as a function of varying electric field for different

types of polarization mechanisms[84].

For time-dependent phenomena, the dynamic response of materials subject to
the field is usually determined from two distinct approaches: (a) time-domain (TD)

analysis or (b) frequency-domain (FD) analysis. From a theoretical perspective,
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both the analysis yield equivalent results; however, from a practical point of view
each has its own advantages. Experimentally TD is a simpler; however, when it
comes to data analysis and interpretation of results, FD analysis is comparatively
easier to perform[47, 84].

The possibility of the electric field being either stored or lost in the dielectric
material has given rise to an interdependence between conductivity and
permittivity, which is expressed as € = ¢ (w) — i€’(w). €(w) is the real part of
the dielectric function and €”’(w) is related to the conductivity, o of the material.
Permittivity and conductivity are inter-related, as ¢’ = - 0 can be identified
as the dielectric loss function which indicates energy dissipation. A
parametrization of the dielectric loss function is also described in terms of the

loss angle §, where tand = €’/€¢/. Figure 3.5 shows the time dependence of the

polarization for different regimes of polarization mechanism.

3.2.1 Dielectric Loss and Dispersion

Investigation of the dielectric spectrum leads to the dispersion phenomena
(€'(w)) and loss (¢’(w)) as shown in Figure 3.6. Frequency determines the
underlying relaxation and resonance processes[37, 89]. Dielectric loss from
relaxation processes is captured in €’(w). The function attains its maximum at a
characteristic frequency w = 1/7 (7 is the characteristic relaxation time of the

material)[73, 145].

38



10% 10" 10" w (Hz)

FIGURE 3.6: Dielectric response as a function of frequency, with the regions
(a) showing relaxation processes and (b) & (c¢) showing resonance mechanisms.

3.2.2 Debye Relaxation

As we have explicitly observed in Figure 3.6, dipole relaxation phenomena are
typically characterized by dispersion and absorption curves. More rigorously, the
real and imaginary parts of permittivity are connected through Kramers-Kronig

relations given below:

/ L z /oo w’e”(w’) ,
dw)—e€, = 7rP Wt dw' and (3.5)
" 2 /OO [Ell(w/) — Ego]w /
= —P d .
¢’ (w) T/ (W2 — w? “ (3.6)

where P denotes contribution of of the principal part to Cauchy’s integral, and w’
is an integration variable. The rest of the quantities have been discussed previously

in this chapter. Kramers-Kronig relations in this case correlate the dissipative and
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reactive response of a system under the influence of an applied field.

One of the simpler models to understand the relaxation process is based on a
model developed by Debye[43]. The model assumes an exponential decay of the
polarization with the switching off of the applied field, as P(t) = e~*/7 P,. In Figure
3.7 we have explicitly shown the permittivity frequency spectrum for a single

relaxation dielectric system for an interfacial polarization response. The time
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FIGURE 3.7: Dielectric permittivity spectrum for interfacial polarization[58].

scale is denoted by the relaxation time 7 ~ %l, which depends on the viscosity of

the material and thermal motion in the medium. The real and imaginary parts of

the permittivity which satisfies Kramers-Kronig relations in this case are given by

r €s — €x

€ = €t m and (37)
"o €s — €

€ = W’Tm. (38)



As Equation (3.8) shows, in the Debyean case, both ¢’ and €’ are symmetric on
the frequency w.

At the molecular level the dispersion Ae = €, — €., is related through the
Clausius-Mosotti formula given by

€s— 1 N (o + p?
= —\ _—
€ 2 3¢ 3kT

) (3.9)

where « is the polarizability and the polarization is approximated through

Np2ﬁ

3kT

Langevin function by P =

3.2.3 Non-Debye Relaxation

Debye’s model is characterized by a single relaxation process and thereby is not
able to describe experimental results for many class of systems. It has been
shown that the experimental results are more amenable to non-exponential
relaxation processes. In general, a system with a distribution of shape and size is
characterized by a spread of relaxation times[24, 52].

Generically, non-Debye relaxation schemes can be described in terms of a
normalized function G(7) which encodes a distribution of relaxation times. In

such a scenario, the dielectric permittivity is expressed as

= [T (3.10)
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The decay function depends on the generalized function G(7) denoted by

o(t) = /000 G(r)e "dr. (3.11)

The functional behavior of G(7) is based on the assumption of a continuous

distribution of relaxation times. However, the key aspect is the choice of an

appropriate distribution function which depict the system under investigation.
Specifically, the non-Debye behavior can be encoded by using

Havriliak-Negami (HN) formula [73] given by

(W) — €0 1
e —ew [t (wnpp VS@fst (3.12)

In Equation (3.12), o and S denote constants determined empirically. HN
equations are general relaxation framework which gives a wide spectrum of the
distribution laws as enumerated below:

1. Debye Relaxation: a =1, =1,

(W) — €o 1
= . 3.13
€5 — €0 14wt ( )
2. Cole-Cole (CC) Relaxation[37]: f=1,0<a <1
(W) — € 1
= . 14
€5 — €oo 1+ (iwr)e (3.14)
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3. Cole-Davidson (CD) Relaxation[42]: a =1,0< <1

(W) — €co 1
= . 3.15
€5 — €oo 1+ iwT]? (3.15)

The parameters o and [ needs to be chosen properly depending on the nature
of the physical system to get a better fit. As we have mentioned earlier, the non-

Debye response is due to the presence of several underlying relaxation processes.
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Chapter 4

Dielectric Behavior of Biological

Materials

4.1 Introduction

Measuring the electrical properties of biological materials imparts valuable
insights into a wide variety of biophysical processes. Biological systems interact
with the electromagnetic energy through the dielectric properties of the
biological material. In general a biological specimen can be construed as a
conductor which is made up of tissues having different electrical properties.
Thus, biological samples exhibit a large extent of heterogeneity on length scales
ranging up to several microns. This property has made the investigation of
biological specimens through electrical characterization techniques very

promising both from a fundamental and diagnostic probe point of view.
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Measurement of dielectric properties of the tissues can shed light on the tissue
structure and composition, and can also detect differences between a normal and
tumor cell. In this context impedance techniques have been utilized to look into
the dielectric properties of cells and tissues[122, 126]. For biological samples, the
electromagnetic field interacts with the segments in the sample which have a net
non-vanishing component of electric multipole moment, which in turn arises mainly
from polar molecules in the macromolecules consisting of proteins and lipids in the
cells.

High membrane potential results in an enhanced net negative charge inside the
cell or mitochondrion, which induces a higher electric dipole moment per cell (or
mitochondrion). For a low-frequency applied electric field E, a higher average bulk
dielectric constant of the entire suspension is obtained. Consequently, polarization
becomes very close to the displacement field as, P = D — egF = €,.¢gF — ¢gF/ ~
eoe,EE = D, for €, > 1. Since P is the average dipole moment per unit volume,
increasing the dipole moments of numerous cells or mitochondria in suspension
will increase P, and therefore €, of the entire suspension[130, 132].

As a general prescription emphasizing our earlier discussion, the response to
the applied electric field is described by: (a) conductivity (o), which is a measure
of the ability of the cells to conduct, and (b) permittivity (e), which depicts the
electric energy storage capacity of the cell. The dielectric behavior in the
biological samples is due to the mobility of the ions and bound charges within

the tissues. The motion of the ions in the aqueous environment produces a
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conduction current I, within the cells, described in terms of
temperature-dependent o, as the motion of the ions are affected by thermal
fluctuations. The polarized bound charges from the double layers at membrane
surfaces give rise to complex dielectric behavior through the displacement
current Iz, which generates a time-varying electrical phenomena. For the
majority of cases, biological specimens are characterized by a large dielectric
constant at low frequencies and step-like decay at high frequencies. From the
molecular perspective, the varying electric field forces the cell membrane to
structurally organize by undergoing a variety of intramolecular transitions and
intermolecular processes. Thus, the frequency dependency of dielectric properties
of cells has helped to investigate biological processes arising from different
underlying mechanisms. The presence of the membrane potential has a specific

effect on the dielectric behavior of cell suspensions[132].

4.2 Electrical Properties of Biological Samples

In biological materials, charge distributions arise from electrical double
layers[50, 98]. The charges are characterized by permanent dipole moments
which are localized around membrane surfaces or solvated macromolecules like
proteins, as shown in Figure 4.1. The modulation of the electric double layer is
maintained through an ionic concentration gradient and the potential ¢ across

the charged surface. The equilibrium concentration of the charges is dictated by
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(a) (b)

FIGURE 4.1: Charge distribution from double layers at (a) membrane surfaces
and (b) macromolecule[4].

the Boltzmann distribution, which for most practical purposes can be described

by an exponential decay law, as shown in Figure 4.2, where the Debye screening

€oeskT
Ap = 4| ———— 4.1
b \/ 222¢%ng’ (4.1)

where 2z is valency, ¢ the fundamental electron charge, and ng the ion concentration

length is given by

of electrolyte. For most biological materials Ap is pretty small, which imparts large
capacitance to the samples. As an illustration for the protein solutions, the decay

function for electrical polarization is given by

G(t) = Ae- I(t), (4.2)
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b= ¢,

electric potential ¢

distance x

FIGURE 4.2: Distribution of electric potential across a double layer.

where € o< puC/2kTeoM is the dielectric dispersion and I(t) is the dipole
correlation function. p is the dipole moment of the protein molecule, C' denotes
protein concentration, M is the molecular weight of protein, and 7T is the
absolute temperature. The dipole correlation function of the protein arises from
combination of motion for the Brownian, intramolecular, and slow motion modes.
Electrical properties are dependent on pH and conformation of the molecules.
From a rigorous point of view, the cell is inherently an electrochemical
system generated from fluctuations in ionic concentrations arising from the
cellular components and partly from redox reactions. Thus, fundamentally
electrical properties of a cell depends on the electrical behavior of the

intracellular cytoplasm and cell membrane. To describe the physics of this
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FIGURE 4.3: Circuit model of the cell, R.: resistance of extracellular medium
R;: resistance of intracellular medium, Cp,: capacitance of cell membrane[87].

system, a basic model is depicted as resistor with different resistances using an
extracellular and intracellular ionic solution consisting of charged ions and
proteins. The cellular membrane acts as a capacitor which plays a role in charge
storage. The ion channels can be depicted by the conductance of the membrane.
For the simple scheme, the model is drawn in Figure 4.3. The circuit model in
Figure 4.3 can be mathematically described by a simple non-Debye like the
Cole-Cole relaxation process we saw in Equation (3.14), whose corresponding

circuit equivalent becomes

7 — Ry 1
= 0<a<l1 4.3
R. - L+ (wr)e =4 =0 (4:3)

g

where R, = #2f% and the characteristic relaxation time is given by (R; + R.)C.

i+ Re
Understanding the electrical properties of biological cells and tissues has extreme

importance, both from a fundamental, as well as from a diagnostic perspective.
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This has led to a large collection of studies, for the practical implementation of

the techniques using electric double layer models[132].

4.3 Relaxation Processes in Biology

As we have noted in Chapter 3, electric polarization is not instantaneous, and
has an associated relaxation time 7. As a consequence of this behavior, the
phenomena of dielectric dispersion arises, making the permittivity frequency
dependent. The biological cells and tissues under the influence of applied
electrical field are characterized by a frequency-dependent impedance

fingerprint[130, 132]. The dielectric spectrum of the biological samples as shown

108 4
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FIGURE 4.4: Dispersions regions of the biological sample[74].

in Figure 4.4 has some distinct characteristics based on frequency v as listed
below[8, 23]:

e v < 100Hz : Steep dielectric permittivity is characterized in this zone.
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e =~ 1 —10kHz : Processes are dominated by ionic mechanisms with the
relaxation phenomena characterized by « dispersions.

e v~ 10 — 100kHz : § dispersion is dominant in the radio frequency region
which arises from polarization of cellular membranes. They are instrumental
as blockages for separating ion flow between extra cellular and intra cellular
media.

e y~1—10MHz : Relaxation of bound water molecules in vicinity of the
biological macromolecules fives rise to § dispersions.

e v~ 1—100GHz : v dispersions in the microwave frequency range arise due

to relaxation of water molecules in suspension.

4.3.1 « Dispersion

The underlying mechanism for this type of dispersion stems from the effect of
electrical double layers and ionic surface charges of the membrane
neighbourhood. The ions percolate through the membrane via the counterion
layer, generating an electric field which is perpendicular to the applied field. In
Fig 4.5 we have shown the « dispersion through ionic movement. The direction
of the motion of counterions induces a dipole moment aligned in the direction of
electric field. The distance moved by the charges is closely related to the
diameter of the cell, which gives large induced dipole moments. This model

developed by Schwarz[145], assumes that the counterion movement occurs
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FIGURE 4.5: Ionic movement giving rise to « dispersion|[89].

through diffusion and electron migration along the membrane surface.
Restriction is also imposed on particle exchange with bulk.

To elucidate the details, the generic description of the dispersion is based on
the assumption of spherical colloidal particles. An underlying assumption for the
description is that ion diffusion takes place only within the double layer, given

by[89] the Cole-Cole relaxation law,

€ — €xo 1
= . 4.4
Ae 1+ (iwr)> (4.4)
Here Ae is given by
9(&)2 24
A€ = cyeg—22 AD 4.5
€= o6 + o %, (4.5)

where ¢g is the particle concentration, z the number of valence ions, ¢, the electron
charge, R the radius of particles, ¢, is the low frequency limit of permittivity, and

Ap is the Debye screening length as previously explained. The relaxation time is

2qR?

given by 7 = AT

where p is the induced dipole moment from the double layer.
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One of the limitations of the o dispersion stems from an ambiguity from a double
layer effect. The ambiguity arises due to the electrode polarization in addition to
the membrane surface polarization, where ion charge distribution is detected at
the surface of the electrode. This cloaks dispersion of the sample which leads to
high dispersions at low frequencies[45, 132].

Though « dispersions on colloidal suspensions have been successful models,
still for living cell suspension, new observations have been projected relating «
dispersion to membrane potential[22, 44, 47, 53, 99, 111, 131, 132].

In this context the Prodan model[132], which we use to validate our results,
pertains to the range of frequencies corresponding to « response, and shows a direct
correlation between low-frequency a dielectric response and membrane potential.
The basic idea is that a higher membrane potential results from a greater negative
charge within the cell or organelle, which affects its dipole moment induced by an
applied field, as shown in Figure 4.6 below. This model, discussed in greater detail
in section 8.1, has been used to correlate changes in impedance with changes in

membrane potential.

4.3.2 [ Dispersion

As we have mentioned earlier, the [ dispersion emerges from interfacial
polarization due to the accumulation or barrier of ions on the membrane surface.
The weak temperature-dependent dispersion is an important tool for the

measurement of membrane capacitance and fluid resistivities in intra- and
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FIGURE 4.6: Polarization in presence of electric field[130, 132].

extra-cellular environment. In Figure 4.7 the frequency dependence of beta

dispersion is depicted in detail. At low frequencies, cells act as non-conducting

FREQUENCY OF THE ELECTRIC FIELD

ELECTng FIELD (E) T
_—f’\\:j
B
+ -1
’ -
+ -
_\_/')' ey
TN
ELECTRIC FIELD (E) _ FREQUENCY OF THE ELECTRIC FELD
— > N
+ - °
+ - v
v 1
v -
5088 Egcggéoagm;aun
ELECTRIC FIELD (E) FREQUENCY OF THE :ucfmc;tm
) Z£E DC
>
7

50 55 60 65 70 75
LOG FREQUENCY (Hz)

FIGURE 4.7: [ dispersion for spherical shell suspensions. Frequency increases
from top to bottom|7].
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spherical particles, and experience a current through them. This implies an
increase in permittivity and drop in conductivity. For higher frequency ranges,
Prodan et al.’s work[132] clearly establishes that relaxation time is small, which
entails no substantial change of current through the cell. This implies a
conductivity increase and permittivity loss, which ties together well in explaining

our data.

4.3.3 ¢ Dispersion

Substantially diminished  dispersion arising from relaxation of bound water
enclosed in biological macromolecules has been observed in biological suspensions
in regions between much pronounced 5 and ~ dispersions[59, 68, 130]. In general,
for a biological system along with all its components, the dielectric dispersion
curve depends on a variety of factors. As a matter of fact, precise determination
of bound water crucially depends on the relative amplitude of v and ¢ dispersion.
Eventually the data interpretation is also not straightforward, and requires
appropriate mixture theory. We will discuss this briefly in Chapter 5.

A simpler model[31] for the estimation of bound water is obtained by
calculating the water of hydration, where a spherical cavity is assumed for a
hydrated molecule of low permittivity buried in a medium of high dielectric

constant. This is shown in Figure 4.8. The results for the bound water can be
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FIGURE 4.8: Hydrated biological macromolecule [31].

found from permittivity data at frequencies close to 1 GHz using the formula

b " _ G~
€+ 26, €+ 2€¢,

(4.6)

where €, and €, are the frequency-dependent relative permittivities of the
biological macromolecule and water, respectively. From a physical point of view,
some studies have directly observed the role of hydration for the lower values of §

dispersion[117, 124, 132, 140], implying the role of protein side chain rotation.

4.3.4 ~ Dispersion

Relaxation of free water molecules has a distribution with a median around 10
GHz, which gives rise to v dispersion at microwave frequencies. The relaxation

frequency for the water in bulk is larger than the water on the protein surface.
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In this frequency zone, conductivity ¢ is enhanced due to the dielectric relaxation
of conducting water molecules. A biological environment with a very high water
content has a comparable ~ dispersion to that of water. In the frequency zone for
~ dispersion, the frequency-dependent dispersion is given by

€s — €no o
1+ (iwr)>  iwey

(W) — €0 = (4.7)

In Equation (4.7), the dispersion has contributions from Cole-Cole behavior,
along with the effect of conductivity which takes into account low frequency
polarization effects for the dipolar dispersion of water and electrolyte dispersion.
A significant number of studies[54, 60, 126, 144], have illustrated that the
correlation between water content in the cells and € is direct. In general, the
parameter « is mnon-vanishing for cells immersed in water, with a larger
relaxation time, indicative of a restricted rotational motion of the water

molecules in the cells[49, 146, 147].
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Chapter 5

Materials and Methods

5.1 Materials

There are two important chemicals used in this work: first,
trifluorocarbonylcyanide phenylhydrazone(FCCP), molecular formula
Ci1oH5F3N,O with a molecular weight of 254.17 g/mol; and, second,
dihydroxyphenylethylamine(dopamine), with ~ the  molecular  formula
(HO),CgH3CH,CH,NH, and a molecular weight of 153.18 g/mol. FCCP is 95%
soluble in ethanol and dopamine is water-soluble. For lab uses, dopamine is used
in solvent form as dopamine hydrocloride (HO),CsH3CHyCHoNHoHCL  In the

next two sections we discuss in detail the chemicals used.
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5.1.1 FCCP

FCCP is a protonophore (H+ ionophore) and uncoupler of oxidative
phosphorylation in mitochondria. The chemical structure with the aromatic ring
is shown in Figure 5.1. It abolishes the obligatory linkage between the
respiratory chain and the phosphorylation system which is observed with intact

mitochondria. All protonophores are small amphipathic molecules which dissolve
N

C

N'/’;C\C
| A

NH

N

F z

FIGURE 5.1: Chemical structure of FCCP.

in phospholipid bilayers and enormously increase their ionic permeability. FCCP
has dissociable protons allowing it to carry protons from the intermembrane
space to the matrix which collapses the pH gradient. FCCP shields the electric
charge as the ion passes through the membrane, providing a polar environment
for the ion and a hydrophobic face to the outside world. It is, therefore, capable

of depolarizing plasma and mitochondrial membranes. This influences the
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collapse of the chemiosmotic gradient by dissipating protons across the inner
mitochondrial membrane. In Figure 5.2, we have depicted the proton-moving
aspect of FCCP. The top panel of the figure depicts where
protonation/deprotonation of FCCP occurs in the presence of a weak acid. In
the bottom panel of the figure, the uncoupler is shown after the
protonotaion/deprotonation mechanism.

FCCPH
H CN

| /
F3c—o~©>N—N=c\

CN

H* Positive side

CN

CN H
| /
{ ro—o @N_N_CCN} e —o4Oy-N—n={

CN

CN *l* /CN
{3c— ~O-n=n—d } 7 e —o4Op-N—n=¢
CN CN

H* Negative side

FIGURE 5.2: Protonopheric mechanism of FCCP uncoupler[110].

In the presence of an electrochemical proton gradient across the membrane,
FCCP will become protonated, and thus, pick up a proton on the positive side of
the membrane, move across the membrane in the neutral form, and lose the proton

on the negative side. This is driven by the electrochemical proton gradient. In
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the negative form, FCCP will be driven back out across the membrane by the
membrane potential. The net result is the movement of one proton from the
positive to the negative side of the membrane. This results in the dissipation of
the electrochemical proton gradient, and the movement of one electrical charge
from the negative to the positive side of the membrane. This, in turn, results in
the dissipation of the electrical gradient. Upon addition of FCCP there is a clear
indication from Figure 5.3, that there is an immediate and dose-dependent increase

in oxygen consumption. FCCP caused significant increase in Oy consumption at
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FIGURE 5.3: Oy consumption during treatment with FCCP[29].

all concentrations, indicating significant mitochondrial uncoupling. In section 7.2,

this has been further validated by use of the impedance spectroscopy technique.
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5.1.2 Dopamine

Dopamine has been called our “motivation molecule”. It is basically a
neurotransmitter of the catecholamine and phenethylamine families that plays a
number of important roles in the human brain and body. The severe mental
illness schizophrenia has been shown to involve excessive amounts of dopamine in
the frontal lobes of the brain, whereas too little dopamine in the motor areas is
responsible for Parkinson’s disease, which involves uncontrollable muscle tremors.

Figure 5.4 presents the structure of dopamine. Study of the neurotransmitter

HO CH,CH,NH, .HCI

HO

FIGURE 5.4: Chemical structure of dopamine.

dopamine may provide important clues for the treatment of such
neurodegenerative diseases and stimulate further research in the various fields of
biophysics, physiology, and psychology. A number of observations further suggest
a role for mitochondrial dysfunction in the pathophysiology of such diseases.

All chemicals used in this study were bought from Sigma Chemical Co. (St.
Louis, MO, USA. Solutions of dopamine in distilled water were made with
various concentrations. Knowledge of the redox state of dopamine is critical.

The electrochemical behavior of dopamine strongly depends on the pH values of
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the solution. This is determined by measuring the pH of dopamine for each
concentration[104]. As shown in Table 5.1, the pH range indicate that dopamine

seems to coexist in all three forms: cationic, anionic, and zwitterionic. This is an

TABLE 5.1: Temperature and pH of different concentration of dopamine.

Temperature (°C) | Concentration | pH
23.5 500nM 4.93
23.0 1M 5.0
23.1 0.5mM 4.13
23.3 1M 491

important parameter when determining the inhibitory effect on the
mitochondrial function and the site at which the interaction occurs. Dopamine,
being an oxidisable neurotransmitter, contributes to the conductivity variation.
When dopamine is completely oxidized to dopamine-o-quinone, as in Figure 5.5,
two electrons from dopamine are transferred to the electrode and two H+ ions
stay in the solution, which actually contributes to the conductivity variation.

This is further discussed in Chapter 7. In Figure 5.6, we see that both the

HO NH, 0 NH,

~ + 2HT
HO 0

FIGURE 5.5: Increase of capacitance and conductivity of dopamine with
concentration.

capacitance and the conductivity of dopamine are directly proportional to the
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Dopamine in DI Water
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FIGURE 5.6: Dopamine and oxidation reaction[30].

concentration. Hence resistivity of dopamine, is inversely proportional, and the

dielectric constant is directly proportional to the concentration, as shown in

Figure 5.7.
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FIGURE 5.7: Temporal variation of |Z| for different concentrations of dopamine
in DI water at the operating voltage 10mV and frequency at 2MHz.

A higher concentration of dopamine is related to hallucination, which is a
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psychological phenomenon|2]. The change of impedance with dopamine
concentration, seen in from Figure 5.7 suggests that the electrochemical behavior
of dopamine is important. In Chapter 7 it will be shown how this behavior of

dopamine also has a vital effect in physiological functions[162].

5.2 Research Design

5.2.1 Isolation of Mitochondria from Mice Heart

The experimental protocol and program care were reviewed and approved by the
University of Houston Institutional Animal Care and Use Committee. (Protocol
number 13-016 — John H Miller, Title - “Physical Mechanisms of Mitochondrial
Electron and Proton Transport”). Each animal employed for tissue harvest of
mammalian mitochondria for the coupled/uncoupled experiments was subjected
to high standards of care. For mitochondrial extraction we used isoflurane for
anesthetizing mice, followed by immediate euthanization by cervical dislocation,
after which the tissue was removed. The mice were decapitated.

The mice used here were available preconditioned from Charles River
Laboratory and Jackson Laboratory. Each experiment used a minimum of 5 mice
hearts. Experiments took place usually 3-4 times per month. Mitochondria were
isolated with minor modifications, using the protocol described in Palmer et

al.[119].  The measurements were done on freshly pelleted out mice cardiac
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mitochondria extracted using the typical extraction protocol mentioned above.
The protocol consisted of the steps listed below in detail:

@
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600g 15 min

\__—/ l

supernatant
8500g 15 min
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i pellet
\_/( supernatant 8500g 15 min
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supernatant 8500g 15 min

i pellet
supernatant f

FIGURE 5.8: Scheme demonstrating the step-by-step procedure of isolation of

mice heart mitochondria[129].

e The mouse was isofluoraned for 15 seconds;

e Heart was extracted, weighed and placed in a glass test tube on ice;

e The heart was washed four times with Buffer A and then minced on ice;

e The minced heart was put in 6 ml of Buffer B and then into polytron
treatment at low for 60 seconds;

e The minced treated heart was then centrifuged for 600 g for 10 min at 4°C

and then the supernatant was saved;
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e The pellet was resuspended in 4 ml of Buffer A and then centrifuged 600 g

for 10 min at 4°C;

e The supernatant was combined and then centrifuged again at 3000 g for 15

minutes at 4°C;

e Finally, the pellet was resuspended in Buffer C.

The buffers used were:
1. Buffer A: 40.08 g 220 mM mannitol (MW=182.17) + 23.96 g 70mM sucrose
(MW=342.3) + 1.05 g 5 mM Mops (MW=209.3) in 1 liter of water.
2. Buffer B: 0.076 g 2 mM EGTA (MW=380.4) + 4 ml of 5% FAF BSA for 0.2
% BSA in 100 ml of Buffer A.
3. Buffer C: 0.019 g 0.5 mM EGTA in 100 ml Buffer A.
Mice cardiac mitochondria were obtained and the concentration determined to be
4 mg/ml by spectrophotometer, based on the Biuret Method[56, 79].

An important parameter is the time-length of the procedure; the isolation
had to be performed as quickly as possible and the obtained preparation had to
be used immediately. So, it was important that mitochondrial samples be kept
ice-cold during preparation and that functional studies be performed within a
relatively short time (~4 hr) on viable mitochondria.

Once we performed the extraction, we immediately followed with several
assays. We began by performing a traditional Biuret assay to determine the
concentration of mitochondria. This is a necessary step for all subsequent assays.

This also allowed us to determine our yield. We extracted approximately 22 mg
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from our mouse isolation. The starting weight was approximately 0.400 gm of

mouse heart.

5.2.2 Oxygen Consumption

Mitochondrial respiration is a key element of cell physiology. Respirometry reflects
the function of mitochondria as structurally intact organelles. It is the aerobic flux
of life. Multiple substrate uncoupler—inhibitor titration protocols for analysis of
oxidative phosphorylation improve our understanding of mitochondrial respiratory
control and the pathophysiology of mitochondrial diseases.

Oxygen is the terminal acceptor in the mitochondrial respiratory chain by
Complex IV, cytochrome oxidase, which produces water in the process and
pumps protons from the matrix to the intermembrane space. Determination of
mitochondrial oxygen consumption is carried out by means of a Clark-type
electrode, as shown in Figure 5.9. The Clark-type electrode is one that measures
oxygen on a catalytic platinum surface. The classical Clark-type is basically
composed of two electrodes, a cathode and anode.

The electrical signal arises from the current developed on the cathode. The
voltage supply unit feeds the system with electrons, and when oxygen diffuses
through an oxygen permeable membrane (commonly Teflon-based) to the platinum
electrode, the cathode is reduced. The current is proportional to the oxygen
tension in the solution in which the mitochondria were placed. The silver ions

combine with chloride ions in solution, precipitating silver chloride over the silver
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FIGURE 5.9: Clark oxygen electrode[148].

electrode, according to the overall equation

4Ag(s) +4C1~ + O, + 4H' + 4e- —— 4A¢C1.2H,0.

The electric signal can pass through an analog to-digital converter and later be
analysed through a signal transducer coupled to a personal computer.

In our experiment, a Mitocell micro-respirometer (Strathkelvin Instruments
Limited, Scotland) was the oxygen electrode used, as shown in Figure 5.10. It
was comprised of a 782 oxygen meter, 1302 oxygen electrode, MT200
respirometer, and respirometry software. This software included a program for
mitochondrial research that calculated State 3 and State 4 respiration rates, P/O
ratios, and RCR. The MT 200 respirometer consisted of a glass chamber of

volume 100 microliters, a transparent polycarbonate plunger, and an integral
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FIGURE 5.10: Mitocell miniature respirometer model MT 200.

magnetic stirrer. The substrates, inhibitors and uncouplers were injected directly
into the chamber with corresponding Hamilton syringes.

The respiratory rates of the mitochondrial suspension were determined using
the oxygen probe at 25°C, with continuous stirring. The substrate used included
5 mM succinate, which evaluated the integrity of the TCA cycle and electron
transport chain. Oxygen consumption rates were expressed in nmoles O2/min/mg
dry weight. The respiratory parameters measured are shown in Figure 5.11.

The different states of oxygen consumption method are listed below

1. State 1: Oxygen consumption rate of mitochondria alone prior to addition
of exogenous substrate or ADP. Oxygen consumption rate was minimal.

2. State 2: Mitochondrial respirations in the presence of substrate but in the
absence of any added ADP.

3. State 3: Maximal stimulated mitochondrial respirations, which were

initiated by adding ImM ADP (in the presence of substrate).
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FIGURE 5.11: Oxygraph recordings.

4. State 4: Mitochondrial respiration in the absence of ATP synthesis, which
was achieved by adding the uncoupler FCCP 2uM. An increase in State 4
respiration would be suggestive of mitochondrial uncoupling.

Respiratory control ratio (RCR) is the ratio of State 3 to State 4
respirations. This ratio was used as a general index of the viability of the
mitochondrial preparation. Low RCR ratios raised the possibility of
mitochondrial damage. Typical RCR values ranged from 3-10.

The P/O ratio for mitochondrial oxidative phosphorylation is the number of
ATP molecules that are synthesized for each two electrons that enter the electron
transport pathway. Thus, it is the relationship between ATP synthesis and oxygen
consumption by measuring the decrease in oxygen concentration during rapid burst
of State 3 respiration after adding a known amount of ADP. In Figure 5.12 (a)
we present a snapshot taken at the time of RCR recording. In Figure 5.12 (b)

and (c) we show calculated RCR of mitochondria for two different samples. The
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(a)

Mouse Heart

IRCR= State 3/State 4 = 3.747/5.678 = 5.94

RCR= State 3/State 4 = 52.438/15.608 = 336

Percentage of (03]

(c)

Time (mieeste) Tie (munote)

FIGURE 5.12: (a) Snapshot from PC during measurement of RCR, (b) and (c)
RCR measurements for different state configurations.

results clearly indicate that RCR > 3.4, which confirms the functional integrity
and coupling of mitochondria.

Figure 5.13 depicts the result when substrate succinate was added, triggering
the electron activity of Complex II. The uncoupler FCCP was added for this
measurement. The decrease in RCR values obtained in this case demonstrate the

protonopheric effect of FCCP.

350 v v v v

SmM Succinate

M .30 nmol ADP »  State 3

100 nmol ADP T=25 degree C

300

250

_ State 4

RC%~3.0-3.2

F::CP 2uM

Oxygen concentration (uM)

Respiratory control ratio = respiration af maximal rate of ATP
synthesis (State 3)respiration with
00 ATP synthesis (State 4)

0 10 20 30 40 50
Time (min)

FiGURE 5.13: RCR measurement with uncoupler FCCP.
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5.2.3 Experimental Set-up

Figure 5.14 shows the typical set-up we used for measuring electrical properties
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sl Frequency (2) 0.1 [RepsDecade v | Interval [10

Basic Connections For In-Circuit

. Impedance Measurements
Electroporation

Cuvette

Solatron Impedance Gain/Phase
Analyzer SI-1260

FIGURE 5.14: Electrical measurement set-up.

of mitochondria by impedance analysis. The mitochondrial suspension was kept
in the electroporation cuvettes. These cuvettes were purchased from BioRad
Laboratory, California. The cuvette gap was 0.4 cm and is used for mammalian
cells, including primary and stem cells, and plant protoplasts. The area of each

electrode was 2.73x107% m?

, yielding a sample volume of ~ 4.0 mL. The
electrodes were made of aluminium.

Figure 5.15 shows different components and functionalities of the cuvette we
used. The electroporation cuvette used in this work operated at 10V had a 4 mm

width, which allowed for low field strength. It was ideal for mammalian cells. The

cuvette containing the sample was connected to the impedance analyzer by an
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FIGURE 5.15: Schematic of cuvette.

alligator clip test lead, which was then connected to the PC. Shortly before the
pulse was triggered, the mitochondrial sample loaded cuvette, was stored in ice,
as the temperature of the samples was extremely high, since they were placed on
the aluminium electrodes.

Figure 5.16 shows a scheme for the insertion of metal electrodes in the cuvette

to make it possible for electroporation.

PP, VIIID "PIITLE
— — —

B B l
Side view

[Z] Top view

FIGURE 5.16: The bulk electroporation apparatus of in-vitro experiment, with
cross-sectional view with and without metal electrodes.
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The corresponding flow diagram for the impedance analysis is shown in
Figure 5.17. The data collection was accomplished by the Solartron Gain
Phase-Analyzer, model 1260, depicted in Figure 5.18. The Solartron Analyzer is
capable of communicating with a connected computer with an accuracy of 0.1%

for magnitude and 0.1° for phase measurements. With the Z-Plot software

Solartron 1260
DAQ GPIB-USB Impedance Sample
®C) Analyzer

FiGure 5.17: Illustration of the system components for impedance analysis.

provided by Solartron it was possible to control the analyzer and view the
collected data. When connected to the system, the instrument collected voltage
and current data. The software was able to utilize these data and automatically

plot the impedance versus the applied frequency.

L = 28 o8 @ =

.

—

FIGURE 5.18: Model 1260A impedance Solartron Gain-Phase Analyzer.

The analyzer was equipped with generator output, generator input, and two

sets of voltage input terminals. All of the interfacing to the Solartron was done
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through a shielded coaxial cable. The length of the cables between the analyzer and
the sample was kept as short as possible. Longer cables added capacitance to the
measurement, particularly to the generator input and the LO input of the voltage
terminals. Once the cables were attached to the analyzer proper, connections to
the electrodes were made through alligator clips.

To measure in-circuit impedance, connections were made to the Solartron using
the generator output and input and the first set (VI) inputs, as shown in Fig 5.19.
Z-plot software for windows was utilized to communicate to the Solartron. This
software made it easier to set up the measurement equipment, collect the data
and preview the data. The software was installed in the PC and it communicated
with the analyzer through the GPIB port and a PCMICA data acquisition card.

For impedance investigation as a function of frequency, the AC response of the

N\ ITEM UNDER TEST

GEN
CURRENT OUTPUT
O e — —

VOLTAGE 1
r 1 | +
Lo Hi I
@ ——
@ f l I PARALLEL
e S LI LTI — N7 | PatH

[VerTAcEZ 7 | | EXTERNAL
NODE

® ©

FI1GURE 5.19: Solatron basic configuration to measure in-circuit impedance.
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system “Control E” and “Control 1”7 procedures were used. “Control E” sweep
frequency method yielded better results in comparison to those of “Control 17,
which were prone to more noise. The “Control E” held a constant applied voltage
of 10mV throughout, while varying the applied current. Impedance spectra were
recorded by the impedance gain/phase analyzer SI-1260 in the frequency range of
1kHz to 1IMHz every 25 min. A pure sinusoidal AC voltage of 10mV amplitude
(peak-to-peak) was supplied, and 10 data points per frequency decade chosen
to be equidistant on the logarithmic scale were recorded. A resistance of 10k{2
was placed between the analyzer and the cuvette. This limited the current in
the system in the pA range, preventing stress on the mitochondria. The data
were recorded in real time as impedance modulus |Z| and phase ¢. Real and
imaginary parts were also measured. In this way, conductances and capacitances
were calculated during data analysis.

When analyzing data in a real-time environment, two things must be
considered. First, a proper time has to be given to the system to react to the
changes in the applied frequency, and secondly, the collection scheme should not
be so slow that it will miss the data[139].

Before collecting data on the mitochondria, calibration of the equipment was
performed using resistors, capacitors, and combinations across the electrodes. This
is described in Chapter 6. This calibration confirmed the order of magnitude of

the data collected from the impedance meter.
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Chapter 6

Impedance Set-up and

Characterization

6.1 System Calibration

Calibration of the equipment, i.e., the Solartron, was important to confirm the
order of magnitude of the data collected. Before the impedance measurement of
different solutions, the system was tested with standard resistors and capacitors.
It should be mentioned here that the method of calibration was based on a linear
system[12]. Based on our measurement procedures on RC circuits, we validated
the stability of the process, thereby eliminating any quasi-dispersion at high
frequencies enhancing band-width. Pure resistors have the same impedance at
any frequency. AC impedance of a resistor is the same as its DC resistance and is

shown in Figure 6.1 and with the formula |Z| = R. Theoretical impedance values
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at relatively higher resistive circuits matched quite well with the experimental

values. For lower resistance (< 1k{2), as can be seen in Figure 6.2, fluctuation

1.5x10° T T T T T T

T T T
100ko.hm 4800 | 3.9kohm -
""" Experlmental I Theoretical and Experimental
----- Theoretical 4600 -
5
_ 1.0x10 — £ 4400 | 7
£ £ L
S S 00t 4
N N L
5.0x10" | i 4000 | |
3800 | 4
3600 | 4
00 1 1 1 " 1 1 1 1 1 1
10" 10° 10’ 10* 10° 10* 10° 10° 10° 10* 10° 10°
(a ) logf (Hz) ( b) logf (Hz)

FIGURE 6.1: Impedance result of pure resistor (a) 100 k{2 and (b) 3.9 k2.

10’

between theoretical and experimental impedance values were appreciable at

higher frequencies. The capacitive reactance X¢ = |Z] is given by the equation,

I I
8210 - 820 ohm
Experimental -
Theoretical
820.5 | i
€
: .
o — N |
N 8200
819.5 | i
819.0 : L L :
10° 10* 10° 10°

logf (Hz)

FIGURE 6.2: Impedance as a function of frequency of pure resistor with 820 (2.
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C2rfC wC” '

Xc

The graphs in Figure 6.3, corroborate the observation from Equation (6.1) that
if either the frequency or capacitance is increased, the overall capacitive reactance
would decrease. This is similar to a perfect conductor, in which the capacitor

reactance would reduce to zero as the frequency approached infinity. For a series
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(a) 10 10 10° 10° 10° 10° 10° 10’ (b) 10" 10° 10" 10> 10° 10* 10°  10°
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FIGURE 6.3: Impedance result of pure capacitor (a) 0.1 pF and (b) 10 uF.

RC circuit, the impedance is given by

Z = [R* +1/(wC)Y?). (6.2)

For a series RC circuit, as frequency increases, R remains constant, X decreases,
and 7Z decreases as shown in Figure 6.4. Total impedance in parallel RC circuit is
given by

Z = (R/(wC))/IR? + 1/(wC))'?]. (6.3)
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FIGURE 6.4: |Z| vs frequency for a RC series circuit R = 100k{2 and C=0.1xF.

At low frequencies, the impedance approaches that of the resistor, R. At high

frequencies it approaches that of the capacitor, 1/iwC. Because the capacitor’s
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FIGURE 6.5: |Z| vs frequency for a RC parallel circuit R = 100k{2 and C=0.1uF.

81



impedance is bigger at low frequencies, it is more important than the resistor’s
impedance. Consequently, the magnitude is inversely proportional to frequency
and the phase angle remains at a constant -90°. At high frequencies, the capacitor
almost becomes a short circuit, by leaving just the resistor, which implies that
magnitude is independent of frequency and that the phase angle is zero. This
conclusion is evident from the data in Figure 6.4 and Figure 6.5.

In order to acquire the electrical measurements of mitochondrial suspension,
the impedance analyzer had to be first calibrated using standard solutions. In
order to maintain accurate calibration, only the purest, deionized water at 25 °C

was used. The results obtained are depicted in Figure 6.6. DI water has a high
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FIGURE 6.6: Bode plot of (a) |Z] and (b) phase variation with frequency of DI
water.

resistivity, so it has a high magnitude response. As observed in Figure 6.6 (a) and
in 6.6 (b), we see that the phase for DI water starts to decrease when frequency

is greater than 100 Hz.

82



The semi-circular curve known as the Cole-Cole impedance plot obtained in
Figure 6.7 indicates that the system had only one relaxation time, when
T = RC. At this point, the imaginary part of the complex impedance of water
was plotted against the real part, each point representing characteristic one
frequency of measurement. Having higher magnitudes, the low frequency data
are on the right side of the plot, and the high frequency data are on the left, as
impedance falls with increase in frequency. For truly complex impedance, as
observed in Figure 6.7, the Cole-Cole impedance plot is a semicircle, due to

second order variation from the equation of the circle 1> = a? + b2,

16 T T T T T T T T T T T T T

14 |

12 |-

10 |

-Z" (kohm)

0 | 1 1 1 | 1 | 1 | L | L 1

0 5 10 15 20 25 30
Z' (kohm)

FIGURE 6.7: Nyquist’s plot of DI water.

Typical frequency spectra for DI water, shown in Figure 6.8 showed that the
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real part of the impedance was associated with resistive pathways, whereas the

imaginary part was associated with capacitive pathways.
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FIGURE 6.8: Resistance variation with frequency of DI water.

capacitance of DI water decreased as the frequency increased. Figure 6.9 shows a

non-linear variation of capacitance as a function of frequency. DI water had a
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FIGURE 6.9: Capacitance variation with frequency of DI water.
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known static dielectric constant of 80.

These data were taken from the value of actual permittivity to calculate the
background and stray capacitance of the system over a frequency range of 100
Hz-10 MHz. The results showed that the background and stray capacitance was
only constant for frequencies greater than 10 kHz.

For the impedance measurements, three concentrations of sodium chloride
solutions of 0.26g/ml, 0.23 g/ml, and 0.18 g/ml were used. Figure 6.10 shows
that the differences in impedance of sodium chloride solutions with different

concentrations could be distinguished when below 50 MHz. Below 50 MHz, the
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FiGURE 6.10: Impedance result of NaCl at different concentrations.

results showed that the magnitude of impedance increased as the sodium
chloride concentration decreased, which coincided with the fact that the
conductivity was proportional to the electrolyte concentration. The differences in

impedance decreased as the frequency increased as shown in Figure 6.11. Each

85



1.2x10° . . - ——————

] PBS
1.0x10 DI Water 7
I 2% Ethyl Alcohol

T

8.0x10° [

6.0x10°

|Z| (ohm)

4.0x10° |-

2.0x10° |-

0.0 -

10’ 10°
Frequency (Hz)

FIGURE 6.11: Bode plot of impedance magnitude variation with frequency of
PBS, DI water and 2% ethyl alcohol.

curve had a distinct signature, and phase angles exist in the frequency range
from 10% to 10° Hz. In Figure 6.12, we have plotted the phase as a function of

frequency, which shows a logistic-like behavior. With a frequency of over 50
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FIGURE 6.12: Phase variation with frequency of 2% ethyl alcohol.

MHz, the differences in impedance of sodium chloride solutions with different
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concentrations became small, because the capacitance effect of the solution
decreased at high frequencies.
The corresponding spectrum had a nearly perfect semicircular shape, as

apparent in Figure 6.13. The center of the semi-circle is below the X axis, the
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FIGURE 6.13: Nyquist’s plot for 2% ethyl alcohol.

reactance in general has negative values. The frequency-dependent relationship
between impedance (Z), conductivity (o), and relative permittivity (e,) is given

by the following expression[114]:

Z=7'4+iwZ"=1/(c + iweye,), (6.4)

where Z is the total and complex impedance, Z’ and Z” are the respective real and

imaginary components of Z, w is the radial frequency, and ¢, is the permittivity
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of free space. Both Z’ and Z” were measured, and from these measurements the
conductivity and relative permittivity could be calculated, as demonstrated in
Table 6.1. The variations in the experimental and theoretical data are due to the

challenges mentioned in the following section.

TABLE 6.1: Calculated versus experimental dielectric constants.

Liquid Experimental | Theoretical
DI Water 95 80
NaCl 55 40-65
Ethyl Alcohol 24.3 4.13
PBS 78 136

6.2 Challenges in Impedance Spectroscopy

The sensitivity of label-free systems has so far been inferior to biosensors that
use labels. Additionally, the required instrumentation for measuring electrical
impedance spectroscopy is complex, as bulky and expensive bench-top systems
are currently an integral part of its platforms.

There is one process, where a fully integrated EIS IC-based system was
developed, by using semiconductor fabrication processes[100], however,
semiconductor compatible bio-functionalization is a limiting challenge even in
this case. Apparatus contributions, such as cabling, leads, and sample holder, to
experimental impedance spectra can be significant, especially at high frequencies,

and can obscure the true sample response. Background and stray capacitance, or
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residual impedance due to the measurement fixture itself and the connecting
leads must be removed from the measured capacitance before any analysis is
performed. Stray capacitance can occur when a sample into which electrodes are
placed is able to present alternative paths through which currents can flow,
leading to a capacitive effect, which can contribute to the potential measured
between the electrodes.

These effects can be removed by the calibration procedures mentioned in
Section 6.1. The next important challenge is the polarization impedance, which
appears at the interface between electrodes and ionic solutions, and is a major
source of errors in dielectric spectroscopy measurements. This challenge is

explained in detail in the next section.

6.2.1 Role of Electrode Polarization

When a metal electrode is immersed into a biological medium, a double layer is
formed at the contact interface between the electrode and the biological medium,
as depicted in Figure 6.14. Figure 6.15 a) shows a schematic of the electric
double-layer structure that forms near the surface of an anode. Solvated cations
of diameter “a” migrate and adsorb to the electrode surface due to electrostatic
forces. The Stern layer is defined as the compact layer of immobile ions strongly
adsorbed to the electrode surface. There are no free charges within the Stern
layer. Beyond the Stern layer is the so-called diffuse layer, where ions are mobile

under the coupled influence of electrostatic forces and diffusion. In Figure 6.15
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FIGURE 6.14: Basic double layer capacitor cell[80, 88].

b) we see the electrical circuit representation of an electrical double-layer

capacitance, the electrode resistance, the Stern layer, and diffuse layer

capacitances in series. The electrical double-layer scheme surrounded a
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FIGURE 6.15: a) Illustration of interfacial double layer and b) the electrode
resistance along with the Stern and diffuse layer capacitances in series[127].
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biomolecule surface with potential of magnitude V' and was superposed with a

layer of negative charges at the biomolecule surface. This is surrounded by a

positively charged counterion layer, which consists of a thin Stern layer and a

diffuse layer with characteristic length, as depicted in Figure 6.15 b).

In order to study the relationship between the distance of the distance of the

sample and the plane of the electrodes, simulations were run using the
electromagnetics module COMSOL Multiphysics,

a commercially available
modelling package.

These simulations showed the presence of an electrical

double-layer, shown in Figure 6.16.
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FIGURE 6.16: Numerical analysis of double layer[150].

Counterions adjacent and close to the sample form the Stern layer[127].
Counterions further away from the sample and Stern layer are more diffuse and
screen the sample charge in such a way as to attract co-ions. As the distance of

the sample from the plane of the electrodes increased, the change in impedance
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decreased. The decrease in the impedance change was due to the drop in the
electrical field gradient and the distance from the plane of the electrode[150].
The equivalent circuit in Figure 6.17 a) was not suggested by any
polarization theory and hence it was arbitrary. Polarization resistance and
capacitance are functions of frequency. Electrode polarization was important in
biological impedance measurements, carried out at frequencies up to 1kHz, since
B dispersions are predominant around these zones. From Figure 6.17 b) it can be
seen that at a frequency below 1 MHz, Cg, the double layer capacitance was

inactive and was modeled as an open circuit. Two double layer capacitances,

Cdl R Cnll
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(a) Cdl
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1E43

1E+2 - ; 1
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FIGURE 6.17: (a) a) Electrical equivalent circuit of impedance measurement
system with interdigitated electrode and (b) typical impedance spectrum[92].
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existed at each electrode. Cg was connected to the medium resistance Ry,. The
dielectric capacitance of the medium (Cy;), depended on the parallel and series
configuration of the circuit elements, Cy and Rgg.

Current was unable to pass through the branch of dielectric capacitance, and
the total impedance was expressed as Z. Both Cy and Rg, were included in this
frequency region, and they dominated at different frequencies, as shown in the
impedance spectrum in Figure 6.17 b). At a low frequency range, the spectrum
showed capacitive characteristics, which were contributed by Cg. The impedance
decreased with increasing frequencies, thus, we find that the effect of polarization
on the resistive part of the total impedance was, in most cases, a minor one in

comparison with that of the capacitive part.

6.2.2 Procedure to Correct Electrode Polarization

In order to correct the effect of electrode polarization, first we measured the
biological sample. Next, we replaced the biological sample with the physiological
solution in which it was stored and again measured the total impedance. The
scheme and the circuit representation is shown in Figure 6.18. We determined
the impedance and capacitance of the double-layer from the solution reading,

represented by (depicted with the subscript “p” in Figure 6.18), the following
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equations:

R = Rsu+ Ra+ (RWC’)Q - Rsol and

C - Csol + 1/W2R2Odl. (65)

ELECTRODES

(g}
o

SAMPLE

(a) - (b) (c)

FIGURE 6.18: (a) Polarization between electrodes and test solution, (b) R, for
sample polarization, (c) observed equivalent circuit[143].

Subsequently, using these polarization impedance data, we corrected the
measurements of the biological samples for electrode polarization. The validity of
this technique was based on the assumption that the polarization impedance
involved in the measurements of the biological sample and of the contact fluid
are identical[65, 132]. Equation (6.5) was valid in the limit RwC < 1 and
R, < R,. Some of the principal techniques to correct for electrode polarization
are mentioned in the following. The best choice, of course, must be adapted to
the particular measurement problem involved, and to the desired accuracy of the

final results.
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1. Electrode distance variation technique;

2. Substitution technique, which was mentioned above;

3. Frequency variation technique; and

4. Four electrode technique.
Successful elimination or correction for existing polarization difficulties was
attained through the implementation of alternating current steady-state
techniques.

In the consideration of a simple method to account for the background
capacitance and stray capacitance, the assumption was that the capacitance
would be constant and independent from frequency, and a first-order correction
term was calculated[13]. To determine the background capacitance from the
probe and the cables, a capacitor with a known capacitance was attached, in
order to short-out each of the inner electrodes to one of the outer electrodes,
effectively closing the circuit. These capacitances needed to remain constant for
the frequency range of interest. The capacitances also needed to be independent
of the conductance. If these conditions were met, then the existence of
background and the stray capacitance would be possible by presenting the probe
with an open circuit. Measurements of the capacitance and conductance of a 4
pF capacitor showed that these conditions were satisfied over the frequency
range of interest, i.e., 103-107 Hz.

The results shown in Table 6.1 indicated that the system was still susceptible

to electrode polarisation effects. Some electrode polarisation at very low
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frequencies could be expected to increase capacitive effects however, results
should still be considered preliminary, and further research needs to be

conducted with the measurement system to confirm our findings.
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Chapter 7

Impedance Measurements to
Probe Physiological Changes in

Mitochondria

As discussed in the preceding chapters, oscillatory electric fields can induce
motion of charges in biological systems, and these responses can be used to probe
physiological processes. Dielectric response measurements, in particular, can
provide valuable information about the structures, functions, and metabolic
mechanisms of biological specimens[27, 132]. Some of this information includes
changes in cellular or mitochondrial membrane potential. A key hypothesis for
the results presented here was that various chemicals, known as substrates in the
biochemistry terminology, that cause changes in mitochondrial membrane

potential lead to corresponding changes in the impedance of a mitochondrial
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suspension over certain frequency ranges. This hypothesis was motivated by the
predictions of Prodan et al.[132], that low frequency dielectric response and
impedance are greatly influenced by the membrane potentials of cells or
organelles suspended in water or a saline solution.

In the case of mitochondria, the ATP-producing organelles in our study, the
synthesis of ATP is driven by the electrical potential and proton gradient (pH
gradient) across the mitochondrial inner-membrane. Knowledge of the electrical
properties of this membrane was critical for our understanding of mitochondrial
structure and function[86].  As discussed in previous chapters, electrical
impedance is a complex, frequency-dependent quantity, containing both resistive
components caused by conductance of the medium, and reactive components
caused by capacitance of the medium. By measuring electrical impedance
against mitochondrial frequency, using impedance spectroscopy, we uncovered
physiological processes that, for basic research or for drug discovery applications,
constitute a mnovel approach to reveal the underlying biological
phenomena[36, 108].

Key findings from our study, discussed in detail in this Chapter, are
summarized here: 1) added substrates, known to either increase or decrease
mitochondrial membrane potential, caused significant changes in mitochondrial
suspension impedance over certain frequency ranges; 2) the changes in
impedance agreed qualitatively with those expected from theoretical

predictions[130, 132]; 3) in particular, the mitochondrial uncoupler FCCP, known
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to create a proton leak that drastically reduces mitochondrial membrane
potential at high concentrations, caused an increase in impedance at certain
frequencies, consistent with a predicted drop in capacitance[132] and increase in
capacitive reactance; and 4) we observed that the neurotransmitter dopamine, in
sufficiently high concentrations, caused changes in impedance similar to those
induced by FCCP. This last observation strongly suggests that excess dopamine
can also act as a mitochondrial uncoupler. This may have important implications
in, the extremes of behavior seen in bipolar disorder or catatonic schizophrenia,
where the depressed phase of the former or the catatonic stupor of the latter
may result from insufficient ATP production caused by mitochondrial

uncoupling, triggered by excess dopamine.

7.1 Impedance of Mitochondrial Suspension

All the experiments performed in this research were conducted on mitochondria
extracted from mice hearts as part of an approved IACUC protocol. The
procedures were in accordance with institutional guidelines and in compliance
with the recommendations of the “Guide for Care and Use of Laboratory
Animals”[14]. In the present study, impedance spectroscopy was performed on
freshly pelleted-out mouse cardiac mitochondria suspended in a respiration buffer
solution, and the mitochondria were extracted using a typical extraction protocol

mentioned in Chapter 5. The impedance measurement of the mitochondria
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suspension was carried out in an electroporation cuvette with a 4mm gap-width.
Impedance spectra were recorded by the impedance gain/phase analyzer SI-1260
(Solartron Instruments Farnborough, UK) in the frequency range from 10kHz to
10MHz. A pure sinusoidal AC voltage of 10mV amplitude (peak-to-peak) was
applied, and ten data points were recorded per frequency decade chosen to be
equidistant on the logarithm scale. The current in the system was in the
microampere range, preventing mitochondrial stress and death.

The data were recorded in real-time, as impedance modulus and phase. Real
and imaginary parts were calculated afterwards during data analysis|[71]. Based
on the Biuret method, the mitochondrial sample concentration was determined
to be 4 mg/ml, using a spectrophotometer. Much of the goal of in-vitro or in-
situ studies is to replicate, as much as possible, the environment of mitochondria
in-vivo. Initially, 4ml of the respiration buffer was added to the cuvette and
the impedance-phase angle values were measured[56]. The respiration buffer was
composed of 225 mM mannitol, 75 mM sucrose, 10 mM KCI, 10 mM Tris-HCI,
and 5 mM KHyPOy, with a pH 7.2. The buffer served as a control and a baseline
for the impedance measurement system|[107].

Isolated mitochondria were generally prepared in media rich in sucrose,
which was intended to promote the stabilization of mitochondrial integrity.
Subsequently, mitochondria suspended in the 4ml respiration buffer were added
to the cuvette for impedance spectroscopy. To study the response of the

mitochondrial membrane potential changes, 200 mM of the Complex II-linked
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substrate succinate were added. Succinate is widely used as a physiological
substrate to initiate mitochondrial oxidative phosphorylation. Complex II refers
to coenzyme Flavin Adenine Dinucleotide (FAD). Succinate binds the succinate
dehydrogenase complex II directly, which then oxidizes succinate to fumarate
and reduces FAD in the process. Therefore, once succinate, which is added in
considerable excess, binds to the complex, its electrons are immediately donated
to the ETS. Two electrons from the reduced SDHFADH:; complex are then
transferred to ubiquinone, a soluble component of the electron transport system

Complex II. This is shown in Fig 7.1. It is worth mentioning here that when an

Succinate dehydrogenase

(|3 00~ (lk 00~
FAD FADH -
H-CH CH
| - I
H-CH = \ -(/ ?'H
¢00- coo"
Succinate Fumarate

FIGURE 7.1: Succinate dehydrogenase activity of mitochondria[l5].

electrical current with a low frequency was applied, the current passed through
the outside of the mitochondria.  Thus, impedance measurements at low
frequencies could not be used to determine the pathological changes taking place
inside the mitochondria. Nonetheless, increasing the frequency of the electrical
current made the capacitive impedance of the mitochondrial membrane decrease,

allowing the electrical current to flow through the organelle.  Moreover,
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double-layer capacitance made it impossible to express the integrity of the
membrane using quantitative analysis.

To overcome the shortcomings of low frequency measurement, high frequency
measurement was used to reduce the -electrical shielding effect and the
double-layer effect. With an increase of the frequency, the capacitive impedance
of the mitochondria decreased and the electrical current flowed through the
mitochondria, and was used to obtain impedance characteristics in different
pathological statuses. The Bode magnitude of a respiration buffer without

mitochondria, decreased with frequency, as shown in Fig 7.2. Figure 7.2 also
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FIGURE 7.2: Bode diagram for |Z| vs frequency for respiration buffer media for
different conditions at operating voltage 10mV.
shows the effect of adding mitochondria into the respiration buffer on the

impedance data. Since the buffer becomes more conductive, the impedance was
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comparatively lowered. As result of the polarization of bound charges on
membrane surfaces and proteins, dispersions were expected, and beta dispersions
were observed at the frequency around 1 MHz in the experiments.

It is clear that dispersion can be attributed to the mitochondrial membrane
only. Therefore, these measurements reflect membrane response[69, 132]. The
decrease in impedance was consistent with an increase in capacitive reactivity,
which was due to an increase in capacitance caused, in turn, by an increase in
mitochondrial membrane potential. The phase angle, as seen in Fig 7.3 decreased
at a low frequency for both the respiration buffer media with and without

suspended mitochondria and also for those with the substrate succinate. From
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FIGURE 7.3: Bode diagram for phase @ vs frequency for respiration buffer

media for different conditions at operating voltage 10mV.

Figure 7.4 it can be seen that the largest observed change in impedance was at

103



3 x 10% kHz, and then it gradually decreased with frequency. At low frequencies,
the membrane exhibited high capacitive impedance, thereby rendering
membranes highly impermeable to electrical fields. As the frequency increased,
membrane impedance decreased, and eventually the electrical field penetrated
the membrane, leaving the membrane transparent at very high frequencies. The
relaxation process, which occurred at around 3 x 10° kHz, came from the

mitochondrial membrane, as it too had a capacitive nature that is further
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FIGURE 7.4: Frequency response of the mitochondrial membrane matrix. This
result matches the beta dispersions reported by Schwan[141].
demonstrated by the phase versus frequency plot (Figure 7.3). The impedance
values decreased with increasing frequency as the membrane’s charge decreased,
and subsequently became transparent from the applied sinusoidal signal. Phase
angle is a potentially important clinical tool for the assessment of the trajectory
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of general health of the mitochondria. Phase angle can be viewed as an indirect

measure of the redox potential. As the phase angle decreases, there was a loss of

electrochemical gradient and lowered bioenergetics.

In Fig 7.5 we show that at lower frequencies, the phase angle being less than 90

degrees denoted capacitive reactance of the membrane, and as frequency increased

it shifted to 0 degrees, being resistive in nature. The mitochondrial membrane was

open-circuit at very low frequencies, while it was short-circuit at high frequencies.

The beta dispersion, first analyzed by Fricke and Cole[57], normally occurs over
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FIGURE 7.5: Bode plot of phase variation with frequency for mitochondria
suspension and substrate succinate added to it at operating voltage 10mV.

a frequency range of 104-107 Hz. Electrical dispersion occurred when the applied

AC field and the movement and orientation of the dipoles of the membranes did

not vary in accordance with the changes in the field. The mitochondria have
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poorly conducting membranes that separate the cytoplasm from the mitochondrial
matrix, which causes the beta dispersion|[48].

The beta dispersion of the frequency spectrum was caused by changes in
surface charges and recharging processes occurring in the membrane. The
dispersion effects were due to the Maxwell-Wagner mechanism at the interface
between the mitochondrial matrix, the cytoplasm, and the inner and outer
phospholipid membranes of the mitochondria[72].  Additional insight and
understanding was gained by examining the data in terms of other electrical
properties, such as capacitance and conductivity, as shown in Figure 7.6 and

Figure 7.7. In the S-dispersion range above 10® kHz, the membrane capacitance
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FIGURE 7.6: Capacitance variation of mitochondrial membrane.

became almost constant in the range of few picofarads, which closely matches the
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general accepted value of mitochondrial membrane capacitance. Thus, the charge
gradient across the membrane was reflected in the inter-membrane capacitance,
and is a good parameter to study membrane potential. It was also seen that

conductivity increased as frequency increased. The present study also examined
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FI1GURE 7.7: Conductance variation of mitochondrial membrane.

mitochondrial function over a wide range of succinate concentrations that span
the physiological succinate range.

Succinate reacted with succinate dehydrogenase to yield FADH. FADH further
donated electrons farther down the ETC to the component known as ubiquinone.
When 100 ml of succinate was added, the electron activity of Complex II was
triggered. The membrane became more conductive, and there was a decrease in
impedance values. When the concentration of succinate was gradually increased,

the value of impedance further decreased, but the decrease was low as shown in
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Figure 7.8. The membrane potential reached it’s maximum value and so, the
decrease in impedance reached the point of saturation[136]. The results shown
in Figure 7.8, suggested that elevated levels of succinate in correlation with a
decrease in levels of impedance, indicated an increase in the polarization of the

mitochondrial membrane.
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FIGURE 7.8: |Z| variation for mitochondria suspension and substrate succinate
at different concentrations at operating voltage 10mV and frequency at 2MHz.

7.2 Effects of FCCP on Mitochondrial

Impedance

Uncoupling of the mitochondria, as mentioned in Chapter 6 involved the

dissociation of electron transport from ATP synthesis. In this process, uncoupled
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respiration continued to generate a proton (H+, or cation) efflux, but
immediately dissipated due to high H+ conductance through the membrane, and
without a H+ gradient, ATP synthesis through the F1/F0-ATPsynthase was

inhibited[75, 157]. The process is shown schematically in Figure 7.9. In this
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Citric Acid Cyclé
FADH2

Succinate
Matrix

Due to H+

Increase in pH

gradient
Matrix

H+

Decrease in pH

Intermembrane Space Intermembrane Space

FIGURE 7.9: Schematic description of influence of succinate and FCCP on
external pH[117].

process, respiration was initiated by adding 200 mM succinate. At the end of the
run, 0.3 uM FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone) was
added to fully uncouple the mitochondria. FCCP has been universally described
as a potent mitochondrial uncoupler.

It is already established that there was an increase in the oxygen
consumption on addition of the protonophore FCCP, which caused the collapse
of the mitochondrial internal membrane potential, through the permeabilization
of the membrane to protons[29, 75, 120]. It was observed that the impedance of
the suspension increased when FCCP was added, as made explicit in Figure 7.10.
This impedance increase was attributed to the reduction in outward current flow
across the inner membrane as protons rushed inside the matrix when FCCP was

added. Thus, FCCP depolarized mitochondria by increasing their permeability
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FIGURE 7.10: Impedance variation with frequency for FCCP addition to
mitochondrial suspension.

to protons.

The FCCP-induced depolarization was caused by a reduction in membrane
conductance resulting from the inhibition of an outward current. The reduced
membrane conductance, leads to a dissipation of mitochondrial membrane
potential[26, 109].

The experiment with FCCP was repeated at different frequencies, including
100 kHz, 1 MHz, and 10 MHz. From these additional experiments, we observed
that the largest change in impedance occurred at 100kHz. No change in
impedance was observed at 1 MHz and 10 MHz, respectively. This lack of change
happened because the electrical field had not yet penetrated the membranes,

which we observe in Figure 7.11. As frequency increased, the membrane became
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FiGURE 7.11: Influence of FCCP at different frequencies.

transparent from the applied signal, indicating a negligible response. The
transparency happened at around 1 MHz, implying a very small change in
impedance at higher frequencies.  Higher FCCP concentrations dissipated
mitochondrial membrane potential and exacerbated injury, indicating significant
dose-dependent uncoupling of mitochondrial respiration. This indication was
validated in the results presented in Figure 7.12.

Here it can be seen that for concentrations of 500 nM, 1 yM, and 0.5 mM,
significant mitochondrial oxidation took place, and thereby mitochondrial
membrane depolarization was caused, which is obvious from the elevation in the
magnitude of the impedance[29].

Low concentrations of 50nM and 100nM FCCP caused an increase in
mitochondrial oxidation with no detectable depolarization, as seen in Figure
7.13. FCCP at 200nM had an increase in impedance, indicating dissipation of

mitochondrial membrane potential. Thus, FCCP is effective in uncoupling
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FIGURE 7.12: Impedance versus time for different concentration of FCCP added
to mitochondrial suspension.

mitochondria in a dose-dependent manner[28, 51].
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FiGURE 7.13: Change in impedance following FCCP treatment.
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7.3 Effects of Dopamine on Mitochondria

As mentioned in Chapter 6, dopamine is a neurotransmitter, and has been
related to mitochondrial dysfunction, which has been thought to contribute to
the etiology of neurodegenerative diseases. In literature[76, 83, 134], a 35%
decrease in State-3 oxygen uptake was found after 0.5mM-1mM dopamine
incubation, thereby inducing significantly reduced mitochondrial respiratory
control. High dopamine concentrations induce mitochondrial dysfunction
through a loss of membrane potential mediated by free radical productions such
as NO and H204[16, 40, 41]. Figure 7.14 shows that impedance rose quickly with

an increase of dopamine concentration in mitochondrial suspension.  This
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FIGURE 7.14: Impedance variation with frequency for 3 dopamine
concentration.

observation provided a clear indication of a significant depolarization of the
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mitochondrial membrane potential AY,,. More extensive depolarization was
caused by FCCP, as was demonstrated in Figure 7.10. Similar characteristics to
those in Figure 7.15 were also observed in the Bode plot for phase variation with
frequency. As the phase angle decreased with a corresponding increase in the
concentration of dopamine, we found there was a loss of electrochemical gradient

and lowered bioenergetics in the mitochondrial membranes.
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FIGURE 7.15: Bode diagram of the phase variation with frequency for

mitochondrial suspension and dopamine added to it.

After incubation with 0.5 mM dopamine, it can be seen from Figure 7.16,
that there was a huge leap in the impedance, suggesting that there was a loss of
membrane potential. The level of polarization of the mitochondrial sample
decreased when compared to the control group of untreated mitochondria. Thus,

the results have shown that high dopamine concentrations have deleterious
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effects on mitochondrial function, such as a decrease in mitochondrial respiration
and a depolarization of mitochondrial membranes. Evaluation of mitochondrial
membrane potential showed that low physiological dopamine concentrations do
not affect mitochondrial membrane potential, while high dopamine concentration

induced depolarization, which is evident from the changes in impedance shown in

Figure 7.16.
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FIGURE 7.16: Impedance versus time for different concentration of DA in
mitochondrial suspension.

Our data were consistent with those in an early study by Berman and
Hastings[16], who found that dopamine induces mitochondrial permeability
transition and produced membrane depolarization. According to our results,
uncoupling of the respiratory chain and mitochondrial permeability transition
could be the cause of dopamine-induced mitochondrial depolarization. For

dopamine, similar to FCCP, we observe that the uncoupling of mitochondrial
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electron transport from oxidative phosphorylation occurs in a dose-dependent
manner. In neurodegenerative diseases, it is well known that cells with high
dopamine concentrations, such as dopaminergic neurons, are highly vulnerable to

degeneration[41, 85].

7.4 Correlating FCCP and Dopamine Results

In Figure 7.17 and Figure 7.18 a comparative study is shown, where mitochondrial

suspension was incubated with ImM of FCCP and dopamine (DA). Addition of the
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FIGURE 7.17: Comparison of impedance versus frequency for dopamine (DA)
and FCCP in mitochondrial suspension.

identical concentration of the protonophore FCCP showed stronger mitochondrial
depolarization when compared to the addition of dopamine[41]. Adding FCCP

and dopamine increased the impedance of the mitochondrial membrane and thus,
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FIGURE 7.18: Comparison of phase versus frequency for dopamine (DA) and
FCCP in mitochondrial suspension.

the stored charge was dissipated. This dissipation of membrane charge reduced

the capacitance and the conductivity of the membrane, as shown in Figure 7.19.
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FiGURE 7.19: Comparison of capacitance and conductance of mitochondrial
suspension after adding dopamine and FCCP.

The effects were more profound for FCCP than for dopamine. The

physiological and psychological responses of changes in the human body due to
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changes in the concentration of neurotransmitters has been proposed in a couple
of studies[10, 67, 149]. Thus, computed variations in capacitance and
conductivity with concentration may provide important clues in the treatment of
various neurodegenerative diseases and will act as a stimulus for further research

in various fields in biophysics, physiology, and psychology.
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Chapter 8

Conclusion and Future Directions

8.1 Conclusion

The impedance technique as a method to monitor biological systems has become
a fertile area for developing rapid and effective methods for the detection of the
dysfunction of biological entities such as mitochondria. Our goal to explore
impedance spectroscopy to identify mitochondrial functional integrity via its
electrical characteristics was achieved with success. While the full
implementation of this experimental method is not yet completely developed, the
procedures show promise for future research.

One of the objectives of this study has been to investigate the electrical
impedance properties of mitochondria in vivo using electrical impedance
spectroscopy (EIS). The results so far suggest that impedance spectroscopy is a

promising alternative technology to extract the electrical properties of the
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mitochondrial membrane. It is a successful real-time, label-free, non-invasive,
and cost-effective detection technique for the quantitative investigation of
passive, non-biological parameters, and also for mitochondrial studies to enrich
the clinical process.

The results suggest that this monitoring option is able to produce a signature
to distinguish the abnormal mitochondria from normal ones. Apart from a
couple of significant studies[117, 132], our impedance studies on mitochondria are
a novel state-of-the-art approach. The impedance analysis method we devised is
used extensively to describe the change in electrical properties as a function of
frequency and time. Electrical impedance of mitochondrial suspensions is a
complex quantity, combining resistance and capacitance, and it depends on the
frequency of the AC voltage applied. This confirms that the membranes have
components that have both conductive and charge storage properties.

Typical frequency spectra as were shown in Figure 7.4, showed that the real
part is associated with the resistive pathways across the organelle and the
imaginary part is associated with the capacitive pathways of the membrane. The
real part is high at low frequency of ~ 100 Hz or lower. As frequency increases,
the imaginary part becomes more dominant. At very high frequencies of ~10%
Hz, the imaginary part of impedance becomes very small, as the capacitive
reactance X¢ = 1/27 fC' tends to zero. The membrane appears as a short circuit.
The electric field lines pass more uniformly through mitochondria.

Mitochondrial suspension also displays a significant 3 dispersion in the range
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105 Hz. This is due to the Maxwell-Wagner effect at the interface between the
mitochondrial membrane and the matrix or the cytoplasm. This illustrates a
good correlation with that reported by Schawn[142] and is also analytically
validated by studies from our group with a corresponding scaling[132]. The
numerical application from Prodan’s work[131, 132] showed that there is a very
strong dependence of the dielectric dispersion curve on the membrane electrical
potential. This has also been found in our experimental measurements.

To elucidate the correspondence further, we see that in Prodan et al.[131,
132] the average response of the cell under the influence of the electric field in
the frequency range of around 1Hz- 100MHz evokes a development of the dipole
moment through « relaxation process. We incorporated the models implemented
in Prodan et al.[131, 132] via a shell model.

The system shown in Figure 8.1 consists of a composite dielectric structure
which contains a dielectric shell representing the cell membrane parameterized
by (e1, 01) and a homogeneous dielectric core which is labelled (e2, 02). The
governing equations for the system are based on solving for the electric potential
through the Laplace equation and the continuity equations for the bound charge.
These are coupled with the boundary conditions at the membrane surfaces. The
general formalism for determining the dipole moment p and density p has been
numerically implemented in Prodan et al.[131] using spectral projection operators
of the Laplacian. A generic solution of the equations of motion is in principal quite

tedious and needs to be solved numerically by choosing an appropriate basis, as
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FIGURE 8.1: Model of suspension of live cells[132].

was shown by Prodan et al.[131]. However, in a subsequent work of Prodan et al.
[132], a clever adoption of spherical coordinates with a choice of spherical harmonic
basis functions leads to a solution in a closed form. The governing equations in

such a case are given bythe following[132]:

2 2
%621.@ + Di€2ipi = iwp; and (8.1)

€ 107D — €;0ad; = pi, (8.2)

where ¢ runs from 1,2, n denotes the normal component, and ¢, denotes the
permittivity of vacuum. The model is characterized by a variety of parameters
which include the radius and conductivities of the corresponding shells, along
with the set of free parameters, conductivities 7; and diffusion coefficient D; on
the respective membrane surfaces.

As we mentioned earlier, the system allows an analytical solution when
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solved in a symmetrical spherical basis[132] to give the expression for the
polarizability. This can eventually lead to determining quantities which can be
experimentally verified. We have qualitatively denoted such a comparison in

Figure 8.2. The typical parameters for the conductivity and diffusion for the
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FIGURE 8.2: Frequency-dependent relative permittivity (a) theoretical
model[132] and (b) experimental data.

model were kept as Dy = Dy = 107% and /Dy = v/D; = 0.1. The
mitochondrial suspensions depicted the behavior mainly at beta dispersion
regimes, and thereby our comparison was limited to such cases. This is typical of
biological systems where the model[132] has also been matched to experimental
results of live yeast cells in a buffer solution[152] for the § dispersion domains.
For our case, the results in the beta dispersion regions around 10° Hz clearly
show a similarity between the experimental and theoretical permittivity. This
can be seen in Figure 8.2, up to a scaling. However, it should be mentioned that
since the parameters heavily influence the dispersion properties, the precise

matching of the experimental results do involve tuning of the coefficients to
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match a proper dielectric system for the mitochondrial suspension. The model
has also been shown to match the a dispersion regime for erythrocytes and
mammalian cells[21, 132, 133]. These observations, along with our experimental
results, clearly indicate the validity and broad applicability of the shell model for
the description of dielectric properties of mitochondria.

The theoretical study by Prodan et al.[132], employed perturbation analysis, to
take into account the excitation of the biological cell, in the presence of an applied
external electric field. As shown in the results presented in Figure 7.4, in the limit
of low applied electrical fields, dielectric permittivity is directly proportional to
membrane potential, and thus, only in this limit we can extract the membrane
potential from the impedance response curves. It can also be seen that below
1kHz, the polarization effects increased substantially with decreasing frequency,
but above 1kHz, the experimental results agree with the expected ones. Thus, our
methodology can be successfully implemeted in the high frequency g dispersion
domain.

Two energy carriers are known to donate energy to the electron transport
chain, namely nicotine adenine dinucleotide (NAD) and flavin adenine dinucleotide
(FAD). FAD is a bound part of the succinate dehydrogenase complex (Complex
IT). It is reduced when the substrate succinate binds the complex. So, it is expected
that as we increase the concentration of succinate successively, the electron activity
of Complex II is more extensively triggered. Eventually the membrane increasingly

becomes more polarized, which is evident from the decrease in impedance shown
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in Figure 7.8. There is an increase in the membrane potential till it reaches close
to 150-180 mV, which is the mitochondrial membrane potential at rest. The
magnitude of impedance thereby attains its saturation value.

Thus, it is a fascinating and interesting area of research to study the
bioelectrical properties of mitochondria, the power house of the cell. Enhanced
membrane potential is indicated through the increased values of dielectric
constant € capacitance C. Thus, 1/wC goes down, which is equivalent to
decreasing 7, as explained theoretically in the analysis of Prodan’s
work[130, 132].

The uncoupler of mitochondrial oxidative phosphorylation FCCP is used in
experimental research to investigate its role in the electrical properties of the
mitochondria. It has already been established that FCCP lessen the proton
motive force across the mitochondrial inner membrane and thereby increase the
rate of mitochondrial respiration. This leads to a range of undesired effects,
including mitochondrial membrane depolarization,  thereby inhibiting
mitochondrial membrane potential. To study the electric response of the
mitochondrial membrane potential changes, we also added uncoupler FCCP and
observed the impedance change. This was shown in Figure 7.10 and the results
were validated by a recent study from our group[117]. The impedance increased
because of the reduction in membrane potential and dielectric response. The
membrane potential goes down with addition of FCCP, implying the decrease in

both the dielectric constant ¢ and capacitance C. Thus, 1/wC goes up and Z
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goes up[132]. This evoked increase in impedance, as expected, and also increased
with the concentration of FCCP in a dose-dependent manner. This was shown in
Figure 7.12. This is also validated by the oxygen treatment of FCCP shown in
Figure 5.3. However, low concentrations of FCCP do not lead to complete
membrane depolarization, as shown in Figure 7.13. Thus, we studied the effects
of uncouplers on the impedance of a mitochondrial suspension and we found an
understandable and promising correlation between impedance and membrane
potential.

Previous studies have already shown that the severe mental illness
schizophrenia involves excessive amounts of dopamine in the frontal lobes,
whereas too little dopamine in the motor areas is responsible for Parkinson’s
disease, which involves uncontrollable muscle tremors[17, 112, 151]. Figure 5.7
showed that dopamine dissolved in DI water shows a decrease of impedance
when concentration is increased. Figure 5.6 showed that capacitance and
conductance also increased with concentration. Dopamine, being an oxidisable
neurotransmitter, contributes to the conductivity variation[30]. Our study of this
neurotransmitter may provide important clues in the treatment of various
neurodegenerative diseases, and stimulus for further research in the various fields
of biophysics, physiology and psychology and also in alternative medicine.

In Chapter 7, we also discussed that when dopamine is added to
mitochondrial suspension, it shows an uncoupling effect, similar to that of FCCP,

but comparatively less pronounced. This was shown in Figure 7.17 and 7.18.
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Here, unlike the case of dopamine alone, as discussed in chapter 5, the
conductivity and capacitance decreased with concentration, as seen in Figure
7.19. In Figure 7.16 we see that the impedance increased with concentration,
thereby resulting in the dissipation of mitochondrial membrane potential.

Our results show a significant dose-dependent inhibition of mitochondrial
ETC complexes, and thereby a loss of mitochondrial membrane potential, as
observed in the case of FCCP[41]. Incubation of mitochondrial suspension with
0.5mM dopamine at 27 °C showed a significant, approximate 35% decrease in the
respiratory control ratio. This is also reflected in Figure 7.16. High dopamine
concentration has deleterious effects on mitochondrial function and we validated
this for the first time using impedance studies. No previous research has been
done relating the electrical response of mitochondrial membrane when adding
dopamine.

Thus, our impedance spectroscopy technique also confirms the oxygen
consumption method by which dopamine induces mitochondrial membrane
depolarization. This plays an important role in the physiopathology of several
psychiatric and neurological disorders such as Parkinson’s disease and
schizophrenia. Our study provides evidence by impedance measurements that
high dopamine concentrations induce mitochondrial dysfunction through a
decrease in mitochondrial respiratory control and loss of membrane potential,
probably mediated by free radical production.

From our experience, when analyzing data in a real-time environment, two
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things must be considered. First, proper time should be given for the sample to
react to the changes in the applied frequency. Secondly, to determine the
response time of the analyzer. However, there exists some ambiguity in
understanding the response time of the instrument. A collection scheme too slow
will miss critical data; however, a collection scheme too fast may not allow the
system to stabilize before making a measurement. As this is quite subjective and
completely depending on the experimentalist, slight variation in results can
happen.

The Solartron frequency response analyzer used in our study is still an
expensive and huge device. A practical device should be handy, easy to operate,
and also cheap. Since the impedance spectroscopy method we present has the
possibility for commercial use, development of a portable impedance analyzer
would be of great importance. It could then be possible for the detection of
mitochondrial dysfunction from bench to bedside.

Non-invasive diagnostics require a unique correlation between observed
quantities and variation of geometrical and constitutional parameters of
biological samples. In order to fulfil these criteria, knowledge is necessary about
the relation between changes in sample features and their manifestation in the
dielectric spectra, as well as a sensitive experimental set-up. In this direction,
research efforts in our group towards the development of electrical impedance
spectroscopy via the use of MEMS probes has been promising[117].

Our research presented here is the first step in understanding the
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mitochondrial precursors and the main players in deciphering the role of
mitochondria as biomarkers.  Future research in extending our results to
implement MEMS would definitely improve the technology. By using MEMS in
future mitochondrial studies, researchers will be successful in maximizing the
impedance signal, minimizing the volume of the testing sample, and increasing
sensitivity. Such biosensor research is not only driving the ever-accelerating race
to construct smaller, faster, cheaper, and more efficient devices, but may also
ultimately result in the successful integration of electronic and biological
systems. Any advancement in this field will have a positive effect on the future of

diagnostics and health care.
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