Strategies to overcome interferences during biomass

monitoring with dielectric spectroscopy

by

Manuel Alberto Garcia Albornoz

Submitted for the degree of Doctor of Philosophy

Heriot-Watt University

School of Engineering and Physical Sciences

March 2013

The copyright in this thesis is owned by the author. Any quotation from the
thesis or use of any of the information contained in it must acknowledge
this thesis as the source of the quotation or information.



ABSTRACT

Dielectric spectroscopy is extensively used to measure the level of viable biomass
during fermentations but can suffer from interference by a variety of factors including
the presence of dead cells, bubbles, electric and magnetic fields, changes in the medium
composition, conductivity changes and the presence of non-cellular particles. Three
different approaches were used to overcome these problems. The first involved the
separate measurement of the spectra of the interferent and the cells. If the spectra were
significantly different then spectra containing the signals of both cells and the
interferent could be deconvoluted to separately determine the relative contribution of
the cells and the interferent to the spectra. This deconvolution approach was
successfully used to estimate the biomass levels of yeast in the presence of spent grains
of barley and hardwood in the medium. A similar approach allowed the interference of
electrode polarisation on spectra of yeast and microalgae to be compensated for. An
attempt to determine the concentration of non-viable cells in a mixture of dead and live
cells was less successful because the signal of the non-viable cells was quite small
compared to that of viable cells. A second approach involved the use of a filter to keep
the interferent away from the probe surface. This was used successfully in the
measurement of the yeast concentration in the presence of spent barley grains. A third
approach involved the use of a second sensor in addition to the biomass sensor. This
allows the signal of the biomass sensor to be compensated for the interferent. In one set
of experiments microelectrodes were developed which were able to confine the electric
field to a small volume near the electrode surface. Covering the electrode surface with a
gel or a membrane stopped cells from entering this volume whilst allowing medium to
diffuse through. This allowed the measurement of changes in the electrical properties of
the medium without a contribution by the cells. Whilst this approach worked, the
response time was too long for practical use. More successful was the simultaneous
measurement of the biomass with an infrared optical probe and a dielectric probe. It was
found that the signal of the optical probe was independent of the cell viability, whilst
the dielectric probe was quite insensitive to non-viable cells. The combined use of the
dielectric probe and the optical probe allowed the culture viability to be determined in a

straightforward manner.
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CHAPTER 1

GENERAL INTRODUCTION

Dielectric spectroscopy, also referred to as impedance or admittance spectroscopy, is an
effective technique for the characterization and enumeration of cells. The technique can
be used online, and there is no need for labels or any other pre-treatment of the cells
before a measurement. Measurements of biomass levels using dielectric spectroscopy
are based on the fact that in the frequency range between 0.1 and 100 MHz interfacial
polarisation occurs at the cell membrane interfaces, causing large dipoles to be induced
in the cells (Markx et al., 1999). As shown by Schwan (Schwan, 1957), the resulting
increase in the capacitance at low frequencies is directly related to the volume fraction
of membrane—enclosed material. Dielectric spectroscopy has been used extensively for
the measurement of cell concentration in cell suspensions, and also to obtain
information about cellular properties such as the conductivity of the cytoplasm, cell

morphology and cell size.

When employing dielectric spectroscopy the overall electrical properties (capacitance
and conductance) of the suspension are measured as a function of frequency, and the
resulting dielectric spectra analysed to obtain the required information about the cells.
When permittivity is measured at different frequencies some steps can be observed in
the shape of the spectra. These steps are called dispersion and are due to a particular
polarisation process as frequency increases. The B-dispersion occurs inside the cell and
is due to the build up of charge at the cell membrane. This polarisation can only occur
when the cell membrane is complete. When a cell dies, the membranes are often
damaged. When a membrane becomes permeable charges cannot accumulate at the
interface, and interfacial polarisation will be reduced. The accompanying reduction in
the capacitance can be used to monitor cell death online and in real-time (Markx et al.,
1999, Yang et al., 2008).

During biomass monitoring the signal that we get preferably is dependent on the
concentration of viable cells only. In practice, unfortunately, this is not the case. Non-

viable cells can show a significant amount of residual polarisation, and their presence



often leads to a measurable increase in the permittivity. The cells are suspended in
medium. The medium has its own permittivity and conductivity. Medium permittivity
and conductivity are dependent on the temperature; their values also depend on the
composition of the medium. The presence of large amount of salts in particular affects
the conductivity, which in turn can affect the permittivity baseline (crosstalk), and cause
a significant increase in the permittivity at low frequencies through electrode
polarisation. There may be particles (e.g. starch, cellulose, protein flocs, gels) in the
medium which have their own dispersions; there may be oil droplets; bubbles. The
fermenter wall may disturb the electric field; external magnetic or electric fields may
disturb the signal. Clearly a lot of factors can and do interfere in biomass measurement
with dielectric spectroscopy.

1.1 Aims and objectives

The general aim of the present work is the development of strategies to overcome the
influence of external factors which interfere in attempts to obtain valuable data about

cell suspensions using dielectric spectroscopy.

To achieve this aim, the work has the following objectives:

1. To analyze and develop strategies to overcome interference produced by the presence
of non-cellular particles.

2. To explore the use of microelectrodes made by photolithography to improve
dielectric measurements on cell suspensions. As part of this a reference microelectrode
should be developed to sense changes in the electrical properties of the medium.

3. To evaluate of the impact of changes in the conductivity of the medium on biomass
monitoring.

4. To evaluate and compare the differences between dielectric and optical technologies
when in the presence of bubbles, change in temperature, colour and different cell types.
5. To analyse the effect of the presence of non-viable cells on the measurement of the
level of viable biomass and develop strategies to compensate a dielectric signal for their

presence.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction
2.1.1 Biomass
The subject of this thesis is the measurement of biomass. Unfortunately, no satisfactory

definition of biomass currently exists (Harris et al., 1987). Biomass can be defined or

classified depending on the process, use or measuring methodology.

Figure 2.1 Biomass refers to material that is derived from biological organisms; this can be from

macroscopic or microscopic organisms for a specific purpose.



2.1.2 Biomass as an energy source

Biomass is often mentioned as an energy source. From this point of view, biomass
could be any kind of material that comes from living or dead organisms. Depending of
the size of the organism, it could be macroscopic biomass (bulk) with the whole
organism or some parts of it (feedstock, woodlands, branches, crop fields, yard
clippings) or, in the case of unicellular or microscopic organisms, a suspension with

microscopic organism in it (microalgae, fungi, bacteria) (See Figure 2.1).

Biomass can be used directly or indirectly for the production of energy. Directly, as
plant matter for the generation of heat by direct combustion of the raw material, in
gasifiers, or for the generation of electricity by moving turbines. Examples include
forest residues such as trees and branches, solid wastes from crops, yard clippings and
general waste. Indirectly use involves converting the biomass into other useful
chemicals such as biofuels. Examples include first and second generation biofuels. First
generation biofuels are biofuels such as bioethanol and biodiesel made from sugars,
starch and vegetable oil. Bioethanol is produced by fermentation of sugars and starch
from different crops such as barley, wheat, corn, sugar beets, sugar cane, potato or fruits
(Nigam and Singh, 2011). Second generation biofuels are biofuels produced from
sustainable feedstocks and not from food crops or edible products such as cellulosic
ethanol from straw, wood or grass (Figure 2.2). In both, first and second generation
biofuels, fermentation is an important part of the process (Wyman et al., 1992; Krishna
et al., 2001; Sun and Cheng, 2002; Nigam et al., 2011).



Figure 2.2 Grass and other plant material are used for biofuel production.

A third generation of biofuels from microorganisms has also been proposed; these
biofuels do no compete with crops for land use; often they are derived from microalgae.
The third generation of biofuels involves growing genera such as Chlorella, Dunaliella
and Spirulina for biofuel production. Other diverse applications for algae include the
production of food and as animal feed, and the production of high value chemicals,
bioactive compounds, fertiliser, aquaculture feed, antioxidants and colorants (Chisti,
2007; Converti et al., 2009; Demirbas, 2010; Harun et al., 2010; Griffiths et al., 2011;
Day et al., 2012).

2.1.3 Biomass as a product of cell culture

Another way of viewing biomass is as the cellular material or cell derived material
produced during cell culture. This definition of biomass is closely linked to the problem
of monitoring biomass during cell culture (Harris et al., 1987). It would be desirable to
have a general biomass monitoring technique that could meet the needs of industrial and
research applications. However, despite the vast number of available techniques for
measuring biomass, no single satisfactory method exists for all the applications and one
of the causes is the lack of a general definition of biomass.



Biomass from macroscopic resources (bulk) can simply be weighed. For remote sensing
of biomass, including the mapping of vegetation and other resources specific techniques
are available such as multispectral imaging, discrete detectors, linear arrays, imaging
spectrometry, digital frame cameras and astronaut photographic systems (Ahamed et al.,
2011).

When we refer to biomass from microscopic organisms we are typically talking about a
suspension of cells of microorganisms such as yeast, algae, fungi or bacteria. Several
biomass monitoring techniques have been developed over the years, but all of them give
different measures of biomass. One of the reasons for this is that it is difficult to obtain
reliable measurements in the variety of environments in which the microorganisms
exist, the diversity of the populations and the characteristics of the microorganisms
themselves. The need for improvements in classical procedures for quantitative

microbiological determinations has been urged (Harris and Kell, 1985).

A proposed classification of biomass monitoring techniques based on different

definitions of biomass can be seen in Figure (2.3).
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Figure 2.3 Proposed classification of biomass monitoring techniques based on the definition of
biomass.

A first division is proposed on the basis of the definition of biomass as the biomass of
living organisms or as a total physical bulk of biomass. The first division is therefore
one on the basis of a biological definition of biomass and a physical definition of
biomass. Straddling the two is dielectric spectroscopy which is a physical technique

which also gives information on cell viability.

Only direct monitoring techniques have been included. Other methods for biomass
monitoring are the indirect methods which are based on the developing of relationship
between the biomass and some easy to measure attribute. Indirect monitoring
techniques are usually based on the measurement of some chemical activity such as rate



of O, production or consumption, ATP concentration, metabolite production and
changes in the medium among others. A relationship using regression analysis should
be established between the biomass and the sampling. Among the disadvantages of the
indirect methods are the restriction of the relationship between the indirect attribute and

biomass to the time and place where the data were collected.

2.1.3.1 Living microorganisms

Growth and division are usually seen as key criteria for microbial biomass. Information
about cell viability is required information for clinical analyses, ecological studies and
most fermentations. However, what is actually meant by a “living organism” is still
unclear and involves some philosophical and biological arguments (Harris and Kell,
1985).

Viability is a term often used to describe the ability of an organism to live and develop
and therefore for microorganisms to divide and form colonies. Viability can be defined
as the ability of a cell to multiply under controlled conditions. A methodology based on
this definition is colony counting in which the colony forming unit (CFU) is an estimate
of viable cells present in a cell suspension. The methodology is based on the ability of a
(single) viable cell to raise colonies under specific conditions. Theoretically, one viable
cell can originate one colony. However, this methodology becomes difficult to use
when describing non-culturable or dormant microorganisms which are unable to form
colonies but are otherwise intact (Patel and Markx, 2008). Also it becomes difficult to
use with filamentous organisms. Added to this, in certain microorganisms a change in
growth rate can induce a change in the morphology of the cells, accompanied by a
reduction or increase in the number of cells. This means that the total amount of
biomass may change independently of the number of cells. Another problem with the
plate colony count is that one is supposed to use the suspension immediately as the
inoculum. However, even if you use the suspension immediately, the plate count will

still be unavailable for at least a day.

Other available methodologies for determining the number of viable cells are based on
different assays that quantitatively give measures of cell viability such as the

measurement of membrane leakage (Propidium iodide, Trypan blue, Methylene blue),
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mitochondrial activity (MTT and XTT assays); or other functional assays (Gurr, 1965;
Wang et al., 2011). Each of the methodologies give different answers to the question of
what is the amount of viable cells in a suspension since they are all based on different
definitions of cell viability (Patel and Markx, 2008).

2.1.3.2 Total physical amount of biomass

While cell viability may provide the information needed for some industrial and
research processes, in some cases it is the total amount of biomass including necromass
which is important. This is the case for certain fermentations for the production of
glycerol and proteins. If the total amount of biomass is calculated from the number of
viable cells, the error can be as high as 50% (Harris and Kell, 1985). Over the years
many methodologies for the estimation of the total microbial biomass have been
developed based on physical principles. These methodologies are generally based on the

weight and the volume of the biomass.

Among the conventional off-line physical monitoring methods, dry and wet weight
measurements are amongst the more commonly used in industry and research. These
methods rely on the taking of samples, and are therefore neither in situ nor online.
During sampling there is a risk of contamination. The methodologies can be time
consuming in preparation. They determine the total amount of suspended biomass, and
the presence of non-cellular material can create interference in the data. The
methodologies are not suitable for continuous monitoring but are useful for providing
one-off spot checks, which is a desirable good laboratory practice in order to avoid
errors (Harris and Kell, 1985).

Direct counting of cell numbers is both possible both online and off-line, and can be
done both by hand and automated. Some of the problems associated with direct
counting have already been discussed when discussing cell viability. The presence of
non-cellular particles can create high levels of errors (Harris and Kell, 1985).

Photometric systems are based on the amount of light that is absorbed, transmitted
(turbidimetry) or scattered (nephelometry) by a sample and related to the cell
concentration (Harris and Kell, 1985; Salgado et al., 2001; Griffiths et al., 2011). These

9



optical techniques are very useful for cell suspensions with a clear medium without
suspended non cellular particles. A major problem with measurements based on the
turbidity of a cell suspension is that they are unable to distinguish viable cells from non-
viable cells and non-cellular particles without previous preparative procedures (Harris
and Kell, 1985). Optical techniques only work in a limited range of cell concentrations
(See Figure 2.4). The relation between optical density and cell concentrations often
becomes non-linear already at low cell concentrations. Photometric systems do not
measure cell numbers nor do they measure CFU, the measurement are systems more

closely related to the dry weight of the cells (Sutton, 2011).

Figure 2.4 Infrared optical sensor from Buglab attached to a glass beaker.

One operational definition of microbial biomass which has been proposed is the volume
fraction of the fermenter fluid which is enclosed within the boundary of the cell
membrane. Dielectric spectroscopy determines biomass levels on the basis of this
definition. When the cell is exposed to an electric field a polarisation process occurs
across the cell membrane and this polarisation is accompanied by the formation of a
strong dipole. When the volume fraction of cells increases, there are more polarised
membranes, and the measured biomass concentration increases. Since dead cells and
non-biomass solids do not possess intact plasma membranes there will not be a
significant polarisation when the cells are dead and therefore the interference by dead
cells should be minimal (Carvell and Dowd, 2006). However, this is valid only in
situations where the mechanism causing death leads rapidly to gross cell lysis (Davey et

10



al., 1993). Also, cells have a strong ability of self-repair and even when the membrane

is broken the cell can repair itself and is not actually non-viable, just injured (Patel and

Markx, 2008).

Figure 2.5 Dielectric biomass monitor from Aber Instruments being used to monitor two

fermentations at the same time.

Dielectric spectroscopy is a most interesting technique not only because it measures
biomass directly, continuously, on-line and in real time, but also because it is a physical
technique which gives information on cell viability which otherwise can only be

obtained with biological techniques (See Figure 2.5).
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2.2 Dielectrics

“Dielectric” is the name given to a material that has the ability to support charge
without conducting it to a significant degree. Therefore, on the basis of this description,
all insulators are dielectrics, but they may have differences in their capacity to support
charge (Maxwell, 1873). The name dielectric was first proposed by William Whewell
(“dia-electric” from Greek prefix dia- “through, across, by over”) in a response to a

request from Michael Faraday.

Every material consists of positively and negatively charged atomic particles. Because
of the bonds that keep these particles together, and the mutual attraction of the positive
and negative particles, the average or total charge in any area of a material is normally
zero. When a material is placed between electrodes that generate an electric field, the
particles that form the material that carry a charge experience electrical forces created
by the electric field (Pethig, 1979). If the material contains charged atomic particles
with weak bonds which are free to move throughout the entire material then the material
is called an electric conductor. But if the bonds between particles are strong and they
move only slightly away from their normal position in the material then the materials is
called an electric insulator. A pure dielectric is a pure insulator; however, although the
term insulator implies low electrical conduction, the term dielectric only refers to the
polarizability of a material. A dielectric can therefore be (slightly) conductive, as long
as it polarises. Materials that polarise but conduct are called “lossy dielectrics”. For

simplicity, we will only discuss pure dielectrics (Fricke, 1931).

In a pure dielectric, when an electric field is applied, no electric charge transfer occurs;
instead a wave of polarisation that travels through the material when an electric field is
changed is the cause of the charge. The net result is that a dielectric supports charge
separation by acquiring a polarity due to the application of an electric field, i.e. one
surface develops a net negative charge while the opposite surface develops a net

positive charge — see Figure 2.6 (\Von Hippel, 1954b).
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Figure 2.6 A comparison of two materials with different polarisabilities. When the materials are
placed between electrodes and an electric field is applied, the charge accumulation on the

surface is different, depending on the material’s polarisability.

The development of this polarisation is possible because of the presence of electric

dipoles.

2.2.1 Polarisation and dipoles

A dipole is the result of the presence of two opposite charges separated by a certain

distance. A dipole can be defined in two ways:
a. A dipole moment (denoted ) can arise if two charged particles of opposite charges

become separated by a certain distance as seen on Figure 2.7, where d is the distance

and q is the charge.
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Figure 2.7 Dipole moment due to the distance between two charged particles.

b. A dipole moment arises as well when the centres of the positive and negative charges
within a region are not in the same position. This definition is more useful since it can

be applied to an area containing many charges.

Dipoles may be permanent, instantaneous or induced. Typical of permanent dipoles are
molecules in which one atom attracts electrons more than another, becoming more
negative, while the other atom becomes more positive. Instantaneous dipoles occur
when due to chance electrons in a molecule happen to be more concentrated in one
place than another. This creates a temporary dipole. Induced dipoles are dipoles that are
induced by external electric fields causing a spatially uneven distribution of charges
(Von Hippel, 1954a).

The net polarisation of a material is the total dipole moment per unit of volume. Since

the dipole moment () is a vector, the vector sum of the dipole moments may cancel out

each other. A material may therefore contain dipoles but have no net polarisation.
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Plate separation d

Figure 2.8 Charge separation in a parallel-plate capacitor causes an internal electric field. A

dielectric (material) reduces the field and increases the capacitance.

When a (pure) dielectric is placed in an electric field, electric charges shift from their
average equilibrium positions but remain bound. Positive charges (+Q) are displaced
toward the negative electrode and negative charges (-Q) shift in the opposite direction.
Because the charges are bound to the molecules or atoms forming the material, the
overall effect is that the (induced or permanent) dipoles in the material align in the
electric field as shown in Figure 2.8. Within the material the dipoles will cancel each
other, but at the surface the dielectric will attain a net positive charge opposite the
negative electrode, and a net negative charge opposite the positive electrode. The
charges at the surface negate some of the charges on the electrodes, and which reduces
the overall field within the dielectric itself (Davey and Kell, 1995).

The mechanism by which polarisation occurs is dependent on the nature of the material.
The polarisation of a material in an electric field does not occur instantaneously when
the electric field fluctuates; it takes some time to the material to react to the changes in
the field. There is a delay in time between the fluctuation of the electric field and the
polarisation of the material; this momentary delay is known as a relaxation (Ishikawa et
al., 1981). Due to this relaxation, the permittivity and conductivity are frequency

dependent. The way the conductivity and permittivity changes along the frequency
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range are like steps and these steps changes are called dispersions. Each dispersion has

its own characteristic frequency (See Figure 2.9) (Cole and Cole, 1941).

Dielectric polarisation mechanisms can be divided into four kinds: electronic, atomic,
orientational and interfacial polarisation. Some authors mention ionic polarisation as

well (Markx and Davey, 1999).

lonic
polarisation

Interfacial
polarisation

Orientation
polarisation

Atomic
polarisation

Electronic
polarisation

JL.J.kf‘fJL.

Permittivity

1x10*? 1x10% 1x10° 1x10% 1x10° 1x10'? 1x10%
Frequency (kHz)

Figure 2.9 Spectrum showing the different dielectric polarisation mechanisms as a function of
frequency. & and ¢” denote the real and the imaginary part of the complex permittivity,

respectively.

2.2.1.1 Electronic polarisation

Electronic polarisation refers to the distortion or displacement of the cloud of electrons
(electron density) in an atom in response to an electric field. Because the electrons are
very light, this polarisation can occur at very high frequencies, around 102 kHz
(Salsman, 1991; Markx and Davey, 1999). See Figure 2.10.
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Figure 2.10 Electronic polarisation.

2.2.1.2 Atomic polarisation

Atomic polarisation refers to the displacement of whole atoms or atom groups in the
molecule due to the influence of an applied electric field. This polarisation occurs at

frequencies around 10°-10"° kHz (Schwan, 1985). See Figure 2.11.

No electric field Applied electric field

Figure 2.11 Atomic polarisation.
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2.2.1.3 Orientational polarisation

Orientational polarisation refers to the physical alignment of permanent or induced
dipoles to an applied electric field by the rotation of the molecule. Some molecules (like
water) possess a permanent dipole due to the separation of charge within the molecule.
These molecules are normally randomly arranged, and their net polarisation is zero, as
the dipole moments from the different molecules cancel each other out; however, when
an electric field is applied the dipoles rotate in order to align with the electric field and
the material develops a net polarisation due to the sum of the dipole moments of the
molecules. This polarisation is sometimes called dipolar polarisation (Haggis et al.,
1952; Castro-Giraldez et al., 2011). This polarisation is proportional to the strength of
the electric field and is influenced by the shape and weight of the molecules, and the
composition of the medium such as viscosity and temperature (Fernandez et al., 1995).

See Figure 2.12.
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Figure 2.12 Orientational polarisation. Without an electric field Brownian motion will
cause the H,O molecules to have random orientations. When an electric field is applied on
average the molecules will be oriented in the electric field. If temperature is increased the
molecules Brownian motion will be stronger and the molecules will be less oriented; as a result,

the permittivity will decrease

2.2.1.4 lonic polarisation

To get ionic polarisation a material must be composed of cations and anions (i.e. have

an ionic structure); typical are salt crystals. If we just have a single cation and anion,
18



with equal but opposite charge, held together by an ionic bond (see Figure 2.13), then a
dipole moment can be observed before the application of and electric field. However in
a crystal the net polarisation, which is the result of the sum of dipole moments over the
whole material, is zero. An external electric field can induce a net dipole by slightly
displacing the ions from their original position. The application of an alternating electric
field will cause the ionic bond to stretch and compress alternately increasing and

decreasing the dipole moment (Ueda et al., 1992).

q—l—

Figure 2.13 lonic polarisation

2.2.1.5 Interfacial polarisation

Interfacial polarisation refers to an accumulation of charges on the surfaces of structures
within a material. It should therefore not be confused with the accumulation of charges
on the outside surface of a material due to the polarisation of a material in local areas
due to the interference in the motion of charge carriers (electrons, ions or charged
molecules) that move under the influence of an external electric field either because
they become trapped; or because there is a limit to the extent or rate at which they are
discharged or replaced at an interface (Markx and Davey, 1999).
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Different mechanisms can lead to interfacial polarisation. The best-known mechanism is
the so called Maxwell-Wagner polarisation. This model is based on the polarisation that
occurs at the interface between materials with different dielectric properties
(conductivity and permittivity). If we place two different materials one next to the other
in the middle of an electric field, accumulation of charge in the interface will occur as a
result of the difference in conductivity that will create a difference in current density on
both sides of the interface and a different amount of charge stored on the two sides of
the interface will be created due to the difference in the permittivity (Maxwell, 1873;
Schwan and Morowitz, 1962).

2.2.2 The dielectric properties of materials

The dielectric properties of a material refer to the behaviour of this material when it is
exposed to an electric field. Every material has electric properties that refer to the
general electric properties of the substance such as conductivity, permeability,
permittivity and piezoelectric constants; meanwhile the dielectric properties refer to the
ability of a material to let an electric field pass through it. In the case of a metal, it has
electric properties but it is not a dielectric as an electric field cannot get through it
because of the Faraday cage effect. When a material is in an applied electric field,
energy in the field is either lost by friction and turned into heat (resistive loss), or stored
by polarisation of the material’s components (Carstensen, 1967). Theoretically, energy
storage in magnetic fields could also occur (induction), but this is negligible in most
biological materials. The response of a material to an applied electric field is described
by its conductivity (o, in S/m) and permittivity (& in F/m) (Carstensen and Marquis,
1968). The conductivity gives a quantitative measure of the level of charge conduction
through a material, irrespectively of the material’s dimensions; meanwhile the
permittivity gives a measure of the level of charge storage due to the polarisation again
irrespective of the material’s dimensions. The value of these parameters can be
determined by placing a dielectric material in a capacitor. A capacitor can be described
as any device used for storing charge, but usually consists of two conducting plates with
a dielectric material in between (Davey et al., 1992, 1993a). Conductivity and
permittivity are determined by measuring the conductance (G, in S) and capacitance (C,
in F). The conductance is determined from the magnitude of the electrical current
through the material as a function of the applied voltage, whereas the capacitance is
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determined from the amount of charge stored on the plates when an electric field is
applied (Fricke, 1931).

One way to illustrate the interfacial polarisation which leads to a Maxwell-Wagner
dispersion type of polarisation is to envisage two different materials with different
dielectric properties (permittivity and conductivity) in series between a capacitor plates
(see Figure 2.14). If an equivalent circuit model of the resultant parallel capacitance C,
Is calculated, we obtain:

_ (ClRl2 - Cz Rzz)

(2.1)
P (Rl + R2)2
Cp = .G, (2.2)
C, +C,

The capacitance at low frequency is higher than the capacitance at higher frequencies,
therefore, with a parallel model of two slabs in series, a classical Debye dispersion can
be observed even without any dipole relaxation in the dielectric (material). The
dispersion is due to a conductance in parallel with a different capacitance for each
dielectric (material), therefore a charge in the interface can be obtained due to the
conductivity. The dielectric displacement is continuous along the whole interface
(Davey et al., 1992).
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Figure 2.14 a) Interfacial polarisation occurs in the interface between materials with different

dielectric properties in the presence of an alternate electric field b) equivalent circuit.
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The theory establishes that the strength of the electric field will be lower on the high-
permittivity side (material). In Fig. 2.14a; if o,¢, # 0,s, the difference in current
densities implies that the interface will be charged. It will also be charged if ;=0 and
0»>0. In the case where o,¢, = 0,¢,, the interface will have zero density of free charges

and no Maxwell-Wagner polarisation will be observed, even though the materials had
different dielectric properties (Pethig and Kell, 1987).

If the electrodes that create the electric field are plane-parallel plates or sheets of area A
separated by a distance d, the capacitance and conductance measured will be a function

of permittivity and conductivity following the equations:

(2.3)
(2.4)

% is also known as the cell constant. Capacitance and conductance are proportional to

the area and inversely proportional to the separation between electrodes, the closer the
electrodes, the greater the capacitance; meanwhile, conductivity and permittivity are
proportional to the separation between electrodes and inversely proportional to the area
(Pethig, 1979).

Capacitance can be described as well with the equation:
C=¢.¢, A (2.5)
d
where C is the capacitance, A is the area between plates or electrodes; d is the separation
between plates; & is the relative permittivity (sometimes called as relative static
permittivity or also known as the dielectric constant of the material); &, is the
permittivity of free space (also known as the electric constant) with a value of 8.854

x10™** F/cm. From the previous equation it can be derived that:

E=¢,&, (2.6)
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where ¢, (permittivity of free space), is equal to the capacitance of 1 cm® containing

vacuum. & (relative permittivity) is the ratio of the amount of electrical energy stored in
a material when placed in an electric field, relative to that stored in a vacuum. In other
words, it is the ratio of the capacitance of a capacitor using certain material as a
dielectric; compared to a similar capacitor that has a vacuum as its dielectric. Therefore,
& (permittivity or absolute permittivity), measures how easily a dielectric (material)
polarizes in response to an electric field. In other words, permittivity relates to a
material’s ability to transmit (or "permit") an electric field. The relative permittivity (&)
is dimensionless and is also known as the dielectric constant (sometimes denoted as K).
See Table 2.1. Whilst in most publications dielectric constant and relative permittivity
are the same, in some the term dielectric constant is reserved for the relative permittivity
of a material when the frequency is zero (when the direction of the electric field is fixed,
I.e. static). The term relative permittivity may refer to both the static and the frequency-
dependent relative permittivity (Davey et al., 1993b).

Material K  Temp (F)
air (standard conditions) | 1.0005 68
nylon 2 75
paper 2 75
polyethylene 2.3 68
quartz 4.3 75
pyranol ol 5.3 68
mica 7 75
water 80 68

Table 2.1 Dielectric constant of some common materials. (source: http://www.deltacnt.com/99-
00032.htm).

2.2.2.1 Complex permittivity

If a dielectric material becomes polarized in the presence of an electric field and the
direction of the field is switched, the direction of the polarisation will also switch
following the electric field in order to align. This change does not occur instantaneously
and some time is needed for the dipoles to align. The time needed for the dipoles to
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align with the electric field is called the relaxation time. The relaxation time causes a
delay between changes in the external electric field fluctuates and the polarisation
induced in the material. The dielectric displacement and the external electric field will
therefore be out of phase, and there is a necessity to have another parameter to describe
the changes’ frequency-dependency (Pethig and Kell, 1987). The usual way to do this is
to describe this situation in terms of a complex permittivity:

& =¢—je (2.7)

where & is the real part of the complex permittivity related to the amount of stored

energy (& = ¢) and &’ is the imaginary part related with the loss of energy and j =

V-1,

It can be derived that the imaginary part of the permittivity is related to the conductivity
by:

52
= 28)

where o is the conductivity of the material in S/m. and w is the radial frequency (in
rad/s). Therefore

g =& - (2.9)
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2.2.3 Dielectric dispersions

2.2.3.1 Debye relaxation theory

The relaxation (or time delay) in the polarisation process produces a dispersion which
exhibits itself as changes in the permittivity as a function of frequency. This relaxation
was extensively studied by Peter Debye (Debye, 1929). Debye proposed that this
dielectric relaxation could be expressed in terms of the complex permittivity as a

function of the frequency of the external electric field by the following equation:

- (2.10)
l+ior

g(w)=¢5,+

g, Is the permittivity measured at a frequency sufficiently high that the polar or
polarisable entity is unable to respond to the electric field; ¢ is the limiting low-
frequency permittivity (sometimes called ‘static’ permittivity) where the polarisation is
fully manifest, @ is the angular frequency of the (sinusoidal) electric field (in rad/s) and

7 is the characteristic response time or relaxation time (see Figure 2.15). The

magnitude of the dielectric dispersion can be defined as:

Ae=¢g —¢ (2.11)

o0

Frequency

Figure 2.15 The dielectric dispersion illustrated in terms of the change in the real (¢) and

imaginary (&’’; dielectric loss) parts of the permittivity (Davey and Kell, 1995).
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This model is based under the assumption that the sum of different polarisation
contributions due to different step potentials gives the total polarisation. In a previous
equation it was explained that the complex permittivity &* may also be expressed in the

form of its real and imaginary parts as:

& =¢—je (2.12)
in which the real part &, can also be described following the Debye theory as:

. & —€E,
E =6 +——>= 2.13
? 1+ (w1)? (213)

and the imaginary componente™, known as the dielectric loss, corresponds to the
dissipative loss associated with the movement of polarisable charges in phase with the
electric field and can also be described by:

— (80 B goo)a)z-

1+ (wr)? (2.14)

The Debye theory describes a fall in the permittivity (real part; &) and a peak in the
dielectric loss (imaginary part; &") (Pethig and Kell, 1987). In the next figure an
idealized model can be seen of the real and imaginary part of the permittivity and
dielectric loss as a function of frequency for experimental data and those obtained by
Debye model. It can be observed that the predicted values deviate from the experimental

values.
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Figure 2.16 Real (&) and imaginary (&") parts of the dielectric constant plotted against
frequency. The solid curves are following the Debye model; and the dashed curves indicate the
behaviour commonly found in real data (Davey and Kell, 1995).

In complex systems, such as biological materials, the dispersion of the permittivity as a
function of frequency usually occurs in a broader band than that described by the Debye
model (see Figure 2.16). This is usually interpreted to be due to a distribution of
relaxation times. Biological materials can also show more than one dispersion when
several relaxation mechanisms are involved and their time constants are different
(Carstensen and Marquis, 1975; Harris and Kell, 1985).

2.2.3.2 The Cole-Cole model

In 1941, Kenneth S. Cole and Robert H. Cole proposed a model which could be used to
make the Debye theory fit more closely to data found in experiments (Cole and Cole,
1941). This model is now known as the Cole-Cole model. It proposes a new parameter
() which has been called the Cole-Cole alpha and gives a measure of the distribution of

relaxation times and modifies the Debye equation as follows:
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R (2.15)

s (=6 +—FLt "= _
(@) =2, 1+ (twr)

Cole and Cole based their findings on the Argand diagram or complex plane locus in
which the imaginary part of the complex dielectric constant (&") is plotted against the
real part (&'), each point being characteristic of one frequency of measurement. This
chart gives a semicircle with its centre on the real (&") axis and intercepts at ¢, and &,

on this axis.

Figure 2.17 Theoretical complex plane loci (Argand diagram) showing the imaginary part of the
complex dielectric constant (£") plotted against the real part (&') for a) Debye theory and b) as

required by experimental evidence (Asami, 2002).

In figure 2.17 an Argand diagram can be seen with &" plotted against &' where u and v
are perpendicular vectors in the complex plane with u+v=¢ -¢_ . The right angle
included by these vectors is therefore inscribed in a semicircle of diameter ¢, -¢,_ . This
semicircle is then the locus of the dielectric constant as w varies from 0 to . Using
geometry, an analytical expression for the angle between u and v can be found which is
(1-)m /2. This expression is independent of the frequency and equal to half the central
angle subtended by the arc. Therefore, parameter « can take values between 0 and 1 and
allows us to describe different spectral shapes. When « takes values above O, the
relaxation is extended over a wider range of frequencies than the Debye relaxation. The
Cole-Cole model can be reduced to the Debye equation when « = 0 (Cole and Cole,
1941). The Cole-Cole « parameter is an empirical parameter introduced by Cole and
Cole to reflect and heterogeneity of dielectric properties within a cell suspension. The a
parameter could in theory be related to cell size distribution, cell shape, and budding

cell fraction or to the presence of organelles. However, in practice these relations are
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still not fully understood (Foster et al., 1989; Markx et al., 1991; Davey et al., 1996;

Asami, 1999).

Cole and Cole were not the only ones to propose a theory to explain the deviation of the

real data compared with the Debye model. Various other empirical equations have been

proposed by Davidson and Cole, Havriliak and Negami, von Schweidler, Williams and

Watts, Fuoss and Kirkwood, Jonscher and others (Asami, 2002). These models have

been used to classify the dielectric relaxations of various materials and to extract the

relaxation parameters from dielectric relaxation data. Some of these theories are

summarized next.

Debye (semicircular arc rule)

& —E

o0

l+ior

g (w)=¢5,+

Cole-Cole (circular arc rule)

gL _goo

g (w)=¢, +

Davidson-Cole (skewed arc rule)

gL _goo

c(w=¢ +—Lt "=
(@)=¢. (L+107)”

Havriliak-Negami

& —€

o0

1+ (1)

g (w=¢
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O0<ax<l)

(0<p<1)

O<a<l1l,0<p<])

(2.16)

(2.17)

(2.18)
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2.3 Electrical properties of biological cells and tissues

Cells are the basic unit of life. Some cells are shown in Figure 2.18. All cells have the
same basic structure. They all have a phospholipid bilayer membrane (with some
exceptions found in archaea) enclosing a cytoplasm which is complex and contains
many small and large molecules and dissolved ions, but is mainly composed of water.
In some organisms the cell is surrounded by a cell wall basically formed by
glycoproteins and polysaccharides (Salton et al., 1951). The cell wall can be compared
to an ion exchange resin because it is readily permeable to small molecules and ions
(Carstensen et al., 1965). Because of its high salt content the cytoplasm is highly
conducting. Many studies have been carried out on the electrical properties of cell
membranes with real and artificial bilayer lipid membranes (Asami, 2002). In a static
electric field the membrane acts as a good insulator as there are no free ions in the
membrane to act as carriers transporting charges. However, the conductance of cell
membranes is higher than that of a pure insulator due to pores and ion channels that
allow current to flow through (Foster and Schwan, 1989; Cevc, 1990; Coster et al.,
1996).

a Ribosome b Ribosome
Cellmembrane Endoplasmic reticulum Cell membrane

Endoplasmicreticulum

Golgi Cell wall
Nucleus

Golgi

Lysosome

. . Cytoplasm )
Mitochondria Nucleus Mitochondria Vacuole  pergxisome

Cytoplasm Chloroplast

Figure 2.18 a) Typical animal cell b) Typical plant cell

2.3.1 Dielectric dispersions in biological materials

The dielectric properties of biological cells are frequency dependent. This exhibits itself

as a series of broad steps in the permittivity and conductivity called dispersions (see
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Figure 2.19) (Davey et al., 1992; Asami, 2002; Di Biasio et al., 2007). Three kinds of
dispersions are typically observed in biological materials which contain cells: the o-
dispersion, which occurs at lower frequency values, the f-dispersion, which occurs at
middle frequency values and the jy-dispersion which occurs at high frequency values. In
certain materials a &-dispersion can also be observed which occurs between mid and
high frequency values (Pethig, 1979; Schwan, 1985; Davey et al., 1995). The o-
dispersion is due to the tangential flow of ions across cell surfaces, the g-dispersion
results from the build-up of charge at cell membranes due to the Maxwell-Wagner
effect, the o-dispersion is caused by the rotation of macromolecular side-chains and
“bound” water, and the j~dispersion is due to the dipolar rotation of small molecules

particularly water (Markx and Davey, 1999).

Permittivity

1x102 1x104 1x106 1x10° 1x10%°
Frequency (kHz)

Figure 2.19 Theoretical chart showing the different dispersions observed on biological

materials.

2.3.1.1 a-dispersion

The o-dispersion occurs at frequencies around 0.1 MHz. It is still not clear what
phenomena cause the a-dispersion; several possible mechanisms have been proposed
including gating of ion permeation in excitable membranes, gap junctions and holes in
membranes, intracellular membrane systems connecting with the plasma membrane;

and displacement of counterions around charged cell surfaces (Pauly and Schwan, 1959;
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Schwan, 1985; Asami, 2006; Grosse and Delgado, 2010). One of the reasons why so
little is known about the a-dispersion is that occurs in the same frequency range as the
electrode polarisation. Electrode polarisation is caused by counter ions in the medium
which are attracted by the charged electrode, forming a capacitative layer on the
electrode surface. The descriptive literature on electrode polarisation is voluminous and
has been studied since the last century (Schelder, 1975; Schwan, 1992; Davey and Kell,
1998a&b; Bordi et al., 2001).

2.3.1.2 B-dispersion

The B-dispersion can typically be found at frequencies between 0.1 to 100 MHz (i.e. in
the radio frequencies). This dispersion occurs due to the large differences in dielectric
properties between the different cell components (cell wall, membrane, and cytoplasm)
and the medium. The polarisability of the low conductivity membranes is much smaller
than that of the cytoplasm or the cell wall/medium, leading to the occurrence of build-
up of charges at the surfaces of the cell membrane by a Maxwell-Wagner type of
interfacial polarisation as shown in Figure 2.20.

~
.
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+ + + + +

No electric field Applied electric field

Figure 2.20 Interfacial polarisation across a cell membrane. For simplicity the cell wall has been
omitted. The different dielectric properties of the media, cell membrane and cytoplasm results in

polarisation of the membrane interface when an electric field is applied across the membrane.

The result of the polarisation process is an increase of the permittivity at lower
frequencies which declines with increasing frequency. The dispersion associated with

this Maxwel-Wagner type of interfacial polarisation at the cell membrane has been
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extensively analyzed due to the fact that the increase in the permittivity linearly varies
with the concentration of viable cells. Study of the B-dispersion can therefore give a

reliable estimate of the volume fraction of viable cells (Schwan, 1957; Asami, 2002;
Carvell et al, 2006).
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Figure 2.21 Typical B-dispersion curve for cell suspensions (Carvell and Dowd, 2006).

Figure 2.21 shows a sketch of a B-dispersion. A low frequency plateau can be seen which
declines with increasing frequency to reach another plateau at high frequencies. The
plateau in the high frequency permittivity is known as the residual permittivity (&,).
The dielectric increment (Ae) is the difference between the low frequency plateau in the
permittivity (& ) and the residual permittivity (&,). The dielectric increment can be
described by the equation:

g —&,=Ae=—PRC_ (2.20)
4¢,

where P is the volume fraction of (membrane enclosed) biomass; C,, is the membrane
capacitance per unit area; R is the radius of the cell and &, the permittivity of free

space.
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The characteristic frequency f. is the frequency at the inflection point, where

& =(Ae+¢,)/2 The Cole-Cole factor « determines the slope at f.. The shape of the p3-

dispersion is influenced by various biological parameters other than the volume fraction
of cells such as cell size and shape, internal conductivity and others. Apart from the
polarisation of cellular membranes, other factors that contribute to the -dispersion are
thought to be the polarisation of proteins and other organic macromolecules (Gabriel et
al., 1996)

In the previous discussion the effect of the presence of a cell wall on the B-dispersion
has been ignored. Carstensen reported for Escherichia coli and Micrococcus luteus
(formerly lysodeikticus) that when the conductivity of the media is low, the conductivity
of the cells is dominated by the fixed charges in the cell wall. It has been suggested that
for bacteria, the value of the conductivity at low frequencies are due to the properties of
the cell wall rather than the cell membrane (Carstensen, 1967). At higher conductivities
however, the ions from the medium invade the cell wall, causing the effective
conductivity of the wall to take a value similar to that of the medium (Carstensen et al.,
1965). As a result at high medium conductivities, as are often found in fermentation
media, the contribution by the cell wall to the cell dielectric properties is usually

minimal.

2.3.1.3 &-dispersion

The &-dispersion occurs at frequencies just above the -dispersion and is believed to be
mainly caused by rotation of macromolecular side-chains, proteins, cell organelles, and
bound water. The o, 3 and y-dispersions where discovered in earlier stages of research,
and recently, when more sensitive devices to measure the permittivity have been
developed, other dispersions with smaller magnitude have been observed, among them,
the 5-dispersion (Schwan, 1957).
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2.3.1.4 y-dispersion

The y-dispersion is due to the dipolar rotation of small molecules, particularly water.
This dispersion was noted for a variety of tissues and protein solutions above 1 GHz
(Schwan, 1957).

2.3.2 Dielectric properties of tissues

Whilst the previous discussion has concentrated on the dielectric properties of cells in
general, the dielectric properties of tissues are also worth mentioning. Tissues are
formed by different layers of different cells. The cells are surrounded by an extracellular
matrix which can vary widely in function and formation. In principle, biological tissues
have similar electrical properties as cell suspensions. Among the biological tissues that
have been previously investigated we can find blood, bone, fat, grey matter, white
matter, kidney, spleen, heart, liver, lung, muscle, and skin. Big differences can be found
when measuring the electric properties of tissues. These differences can be due to the
fluid content of the tissue, cell shape and size, the tissue orientation relative to the
applied field; also changes may occur in the tissues over time. Analysis of tissues is
difficult due to the variety of cell shapes and their distribution inside the tissue (tissue
inhomogeneity), physiological state of the tissue, anisotropy of the tissue (orientation of
the cells) as well as differences in the extracellular material (Miclavcic et al., 2006).
The Cole-Cole model with several variations has been applied to describe the variation
of dielectric properties of tissues as a function of frequency (Gabriel et al., 1996). Some
problems are found when measuring the dielectric properties of biological tissues at low
frequencies due to electrode polarisation and the strong dependency of the dielectric
properties on the physiological state of the tissues. Therefore, some studies have been
done at high frequencies (microwave frequencies) to identify different sources of errors
(Peyman, 2011).
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2.4 Strategies for modelling the dielectric properties of cells

Models can help interpreting experimental data. However, cells have a complex and
heterogeneous structure with many different materials with different dielectric

properties, and modelling is therefore difficult.

2.4.1 Modelling of dielectric phenomena

Maxwell established in 1873 the first model of interfacial polarisation. Maxwell stated
that “for every particle of the dielectric is electrified with equal and opposite charges on
its opposite sides, if it would not be more correct to say that these electrifications are
only the manifestation of a single phenomenon, which we may call Electric
Polarisation”. When talking about the medium, Maxwell stated “A dielectric medium,
when thus polarized, is the seat of electrical energy, and the energy in unit of volume of
the medium is numerically equal to the electric tension on unit of area, both quantities
being equal to half the product of the displacement and the resultant electromotive

force, or

p:%DE:%KEzzz?HDZ (2.21)

where p is the electric tension, D the displacement, E the electromotive force and K the
specific inductive capacity. If the medium is not a perfect insulator, the state of
constraint, which we call electric polarisation, is continually giving away” (Maxwell,
1873).

In 1850, Ottaviano-Fabrizio Mossotti analysed the distortion of the electric field in a
continuous medium by a particle with a different dielectric constant. Further work was
done by Rudolf Clausius in 1879, and the combined model is now known as the

Clausius-Mossotti law. The law establishes that:

£—&, (MJZA'HNAO{ (2.22)
e+2¢, N d 3
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where ¢ is the material’s dielectric constant, ¢, is the permittivity of free space

0]
(vacuum), M is the material’s molar mass, d is the material’s density, N is Avogadro’s

number and « is the molecular polarizability.

The left hand term in equation 2.22 is often referred to as the Clausius-Mossotti factor.

Instead of the form in 2.22 is often expressed in terms of complex permittivities:

K(w) = —2—m_ (2.23)
£, +2¢,
with:
& =¢¢6,—jolw (2.24)

where ¢’ is the complex permittivity and subscripts s, p and m refer to the suspension,
particle (cell or microorganism) and suspending medium, respectively,
j =+/—1(imaginary unit), w is the angular frequency of the applied electric field, o the
conductivity, & the relative permittivity and &, the permittivity of free space (8.854x

102 Fm™).

From the Clausius-Mossotti relation several other models have been derived. This has
included the Lorentz-Lorentz equation which relates the refractive index of a material to

its polarizability. The Lorentz-Lorentz equation is:

=Na— (2.25)

where n is the refractive index (a measure of the speed of light in the medium) of the

substance, N is the number of molecules per volume and « is the polarizability.

Based on the Clausius-Mossotti theory, in 1914 Wagner modelled the conductivity of a
diluted suspension of randomly distributed spherical particles:
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Os 0w |_p| %p " C%m (2.26)
o, + 20, o, +20,

where o5 is the conductivity of suspension, om the conductivity of the medium, o
conductivity of the particle and P the volume fraction of particles in the suspension. For
interfacial polarisation of spherical particles within a matrix (i.e. a suspension of
spherical particles with homogeneous dielectric properties in a homogenous suspending
medium with different dielectric properties), Wagner proposed the following equation

for the complex permittivity of the suspension:

E,—&p
1+2P %
g, +2¢,
f=gl (2.27)

in which &” is the complex permittivity, P the volume fraction and subscripts s, p and m

refer to the suspension, particle (cell or microorganism) and suspending medium,

respectively, with ¢" =, &, — jo/w, where j=+/-1, o the conductivity, &, the

r

relative permittivity and &, the permittivity of free space (8.854x10*Fm™).

In 1923, Hugo Fricke suggested a model for electric capacity of cell suspensions. He
wrote two articles in 1924 and 1925 about a mathematical treatment of the electric
conductivity and capacity of disperse systems. In the first document, in 1924, he
proposed a model for the electric conductivity of a suspension of homogeneous
spheroids; and in 1925 he proposed a model for the capacity of a suspension of
conducting spheroids surrounded by a non-conducting membrane for a current of low
frequency. Fricke established that conductivity measurements may give values for (1)
the specific conductivity, (2) the concentration of cells and (3) eccentricity of form of

the suspended particles. The derived equation was:

(k/k)-1  (k,/k)-1
(K/k)+x (K, /k)+X

(2.28)
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where k, k; and k are the specific conductivities of the suspension, suspending medium
and the suspended particles; p is the volume fraction of the particles and x is a function
of the ratio ky/k; and the ratio a/b of the axis of symmetry of the spheroids to the other
axis. This equation is valid only for dilute suspensions and when the particles are
spheres, x = 2 and the formula reduces to that of Lorentz-Lorentz and Clausius-

Mossotti.

Schwan established in 1954 and 1957 that for a homogeneous cell suspension with
spherical cells that are enclosed by a cell membrane the dielectric properties of the

suspension can be described by the following equations.

g —&,=A¢g, = J PRC, 5 (2.29)
4e, 1 1
1+RG, | —+—
o, 20,

o, =0,/1-=P = (2.30)
1 1
1+ RGm( + ]
o, 20,
o, =0, {1+ 3p ﬂ} (2.31)
o, +20,,
. RC,, (2.32)

where Ag, is the dielectric increment (change in the relative permittivity); & _is the

permittivity at lower frequency; ¢, is the permittivity at higher frequency; o, is the

conductivity at lower frequency; o is the conductivity at higher frequency; o; is the
cell interior conductivity; o, is the conductivity of suspending medium; ¢, is the

relative permittivity; P is the biomass volume fraction; C,, is the membrane capacitance
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per unit area; R is the radius of the cell; 7 is the relaxation time; G,, is the membrane

conductance per unit area.

Some assumptions can be made about in the previous model to simplify it further. If the
membrane conductance is sufficiently low and the radius of the cell is very large
compared with the membrane thickness (assume that there is no wall present) and if the
cells have random orientation, the previous equations will be reduced to the following

forms:

e —¢&,=As, ziPRCm (2.33)
4¢,
3
o, zam(l—z Pj (2.34)
x Rcm(i+iJ (2.35)
o, 20,

The previous assumptions are valid for most cells; however, they fail where there is a
thick cell wall, when cells are markedly non-spherical, when cells do not have random
orientation (tissues), and when P gets much above 0.15 (adjacent cells disturb the field
impinging on their neighbours). Equation 2.33 we have seen before (eqg. 2.20), and is the
one that is most often used to relate dielectric (capacitance) measurements with biomass
levels. Other models have been suggested for use when these assumptions are no longer
valid (Markx et al., 1999).

When cells are alive, the plasma membranes are intact and the polarisation can be
related with the previous models. When cells are dead, the membranes are lysed, and
then the equation implies that one can measure viable cell concentrations only (Markx
etal., 1999).

All the previous equations have been modelled for dilute systems where the volume
fraction is low (P<0.15) and the particles are spherical. Several equations have been
derived for higher volume fractions, among these are included those of Bruggeman in

1935 and Hanai in 1968. Bruggeman’s equation established that:
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LA (236)

On

where o, and o, are respectively the conductivity of the cell suspension and

conductivity of the suspending medium at low frequencies (100-465 kHz).

In Hanai’s equation:

(2.37)
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where ¢, ¢, and ¢, are respectively the complex permittivity of the medium, particle

m?

and suspension.

All the previous mathematical models can be used to calculate the dielectric properties
of the suspension, but to use them we still need to know the dielectric properties of the
suspended particles. One method that has been used extensively is the multishell model
(Fricke, 1924; Irimajiri, 1979), which is an extension of the work by Maxwell (1873).
The multishell model proposes that for a single particle composed of (N+1) concentric
spheres, with N shells, each of radiuses Ry+1, Ry, etc, the complex permittivity can be
calculated with the equation:

Py
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where 8:N+1) is the complex permittivity of the outermost shell, and g{Nfl)eﬁ represents

(2.38)

the effective complex permittivity of the inner most N spheres after they have been

smeared together. See Figure 2.22.
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Figure 2.22 Multishell model of a cell. Spherical concentric shell with radius R;, having shell
conductivity o; and permittivity &;. Different values have been given to these parameters and
from these values the overall permittivity and conductivity of the cell can be calculated, where
suffix 0 corresponds to internal cell; 1, membrane; 2, cell wall; and 3, medium. The permittivity

and conductivity of the suspending media can vary depending on the experiment.

In this model we start with the two innermost spheres and calculate the complex
permittivity for an equivalent homogeneous sphere. This procedure is repeated for
subsequent shells until the outermost sphere is calculated (see Figure 2.23). Typical
values for the conductivity and permittivity have been given and are: Ginternai: 2-10 S/m;
& internal = 50-120; Gmembrane: 10°8-10" S/M; & membrane: 2-10; Gwan: 0.01-1 S/M; & wanr: 60
(Markx et al., 1999).
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Figure 2.23 The multishell model. It is based in the fact that for every layer present in the cell
there is an interphase between them creating a dispersion or change in the levels of conductivity

and permittivity.

Different models have been proposed for non-spherical particles and for tissues. For an

ellipsoidal shaped particle:

LS+ )AL U= A)]
T G (AL WA,

(2.39)
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where g;fp is the effective complex permittivity of the two-shelled ellipsoid along the a

(a=x, y) axes, and & represents the effective complex permittivity of the inner-most

ellipsoids after they have been smeared together:

ot (8 )[R + V(- AL)] (2.40)
&+ (& — &) (A —ViA,) |

with

be.
v, =% (519 (2.41)

: aj—l j-1¥j-1
where the subscripts 1, 2 and 3 represent the internal phase, cytoplasmic membrane and

wall of a yeast cell, respectively, and A, (i=0, 1, 2; a=x, y) is the depolarising factor

along the x and y axes (Zhou et al., 1996).
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2.5 Dielectric measuring techniques

The different techniques will be reviewed by which the dielectric properties of materials

can be measured and subsequently used to obtain valuable information.

2.5.1 Dielectric spectroscopy

As seen previously, dielectric spectroscopy involves the direct measurement of the
dielectric properties (permittivity and conductivity) of a material in terms of its
polarisation when the material is exposed to an electric field of varying frequency.

In recent years dielectric spectroscopy and dielectric based monitoring techniques have
found increasing use in several fields and industries as a means of assessing the
structure and composition of a material. Dielectric spectroscopy is used in a wide range
of applications including food analysis (Bohigas et al., 2008; Lizhi et al., 2008; Al-
Muhtaseb et al., 2010; Castro-Giraldez et al., 2010 and 2011; Castro-Giraldez, 2011;
Guo et al., 2011; Smith et al., 2011) plastics and other polymers (Asami, 2002;
McCrystal et al., 2002; Kalakkunnath et al., 2007; Christensen and Keiding, 2008;
Singha and Thomas, 2008; Chen et al., 2011; Christensen et al., 2011), ceramics
(Kolodiazhnyi et al., 2006; Silva et al., 2009), analysis of novel glasses and crystals
(Costa, 2011; Hanumantharao and Kalainathan, 2012), oil analysis (Guan et al., 2009;
Guan et al., 2011), drug analysis (Masoud et al., 2005), emulsions (Hanai et al., 1962);
aging effects on insulation systems (Mopsik and Martzloff, 1990; Zaengl, 2003);
proteins (Bonincontro and Risuleo, 2003) and other biological systems (Schwan and
Foster, 1980; Pethig and Kell, 1987; Gabriel et al., 1996; Richter et al., 2007; Hayashi
et al, 2008; Maskow et al., 2008; Bryant et al., 2011; Tibayrenc et al., 2011; Colella et

al., 2012), and even water detection on the lunar surface (Nurge, 2012).

Other dielectric based techniques have focused on the nature of the materials and their
applications such as the free space dielectric measurement technique for wires and
ceramics (Free and Henry, 2007), the HYMENET probe for soils (Frangi et al., 2009),
the broadband dielectric relaxation spectroscopy (DRS) and the thermally stimulated

depolarisation currents (TSDC) for water mixtures (Kremer, 2002; Panagopolou et al.,
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2011) and other techniques focused on low-frequency dielectric measurements (Krupka,
2003; Sorichetti and Matteo, 2007).

A reduction in the electric field will lead to a relaxation process which will follow with
some delay or retardation to the reduction of the electric field. This event can be
quantified in the time and in the frequency domain and dielectric spectroscopy
monitoring equipment can be based in any of them. Most of the equipment developed
has based on the dielectric response in frequency domain (Cole et al., 1989; Zaengl,
2003). In recent years, time-domain spectrometers have improved in accuracy and time

response, enabling faster phenomena to be investigated.

Among the probes used for the measurements, a parallel-plate capacitor type is
commonly used for frequencies below 10 MHz. However, the measurements require
corrections due to the residual inductance and capacitance from the measuring cell and
the connecting leads. When a fringing field exists at the edges of the parallel plate
electrodes this can cause errors; a three-terminal method can be used to effectively
eliminate this effect. For higher frequency work open-ended coaxial probes are typically
used that are suited for measurements with network analyzers and time domain

reflectometers at frequencies above 100 MHz (Asami, 2002).

In recent years, various new dielectric measurement techniques have been developed.
Among them are various resonance measurement techniques which have been applied
to the measurement of the dielectric constant and dielectric loss at microwave
frequencies. These techniques can be divided into two groups. In the first group (called
dielectric resonance), the resonance is supported by the dielectric itself. The sample acts
as a dielectric resonator in which different geometries of metal shields are introduced to
prevent radiation loss. Three of the most widely used dielectric resonance techniques to
measure the dielectric properties of dielectric samples are the Post Resonance technique,
the Cylinder Cavity Resonance technique and the Waveguide Reflection Resonance
technique. The difference between the three techniques is basically the geometrical
arrangement of the metal shields (Sheen, 2005). In the second group of the resonance
measurement techniques (called cavity perturbation technique), the resonance is
supported by the metal walls of a metal cavity. Samples placed in the cavity cause a
perturbation on the field distribution in the metal cavity (Sheen, 2009). The main

advantage of the dielectric resonance methods is the high accuracy of the dielectric
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properties measurements, however among the principal disadvantages of these
techniques it can be mentioned the complicated calculations for the dielectric properties,
the sample dimensions and the fact that only a single frequency point can be measured
for each sample (Krupka et al., 2001; Sheen, 2005).

The measurement of the dielectric properties of biological materials has focused on the
measurement of the dielectric properties of cell suspensions because of the ability of
cells to accumulate charges across the cell membrane when exposed to an electric field.
Because each cell acts as a capacitor, the overall permittivity reflects the biomass levels
in the suspension which can be monitored over a period of time for different
applications. The use of the dielectric spectroscopy for the monitoring of biomass has
been widely studied to use for different cell types under different conditions
demonstrating a high level of reliability and accuracy. The direct linear relation between
changes in permittivity and volume fraction has been proven for many cell types, such
as bacterial cells (Asami et al., 1980), yeast (Asami et al., 1976; Markx et al., 1991;
Markx, 1995; Davey et al., 1996), mammalian cells (Wang et al., 2002; Cannizzaro et
al., 2003), plant cells (Markx et al., 1991; Asami et al., 1992). This methodology has
been used and studied as an effective method for on-line measurement of biomass for
many years (Schwan, 1957; Pethig et al., 1987; Asami et al., 1990; Davey et al., 1990;
Asami et al., 2000; Asami, 2006; Carvell, 2006). The dielectric properties of biological
cell suspensions are typically measured in a frequency range between 0.1 and 100 MHz
using rapid, automated, frequency-domain, high precision spectrometers. To reduce
problems associated with the high conductivity of the samples the four-electrode
method (Schwan and Ferris, 1968) is often used, or the electromagnetic induction

method with a pair of toroidal coils (Wakamatsu, 1997).

2.5.2 Electrokinetic techniques

Dielectric spectroscopy is not the only technique used to measure the characteristics of
cells. In recent years, single-particle analysis techniques have been developed and they
have become increasingly important methodologies especially in medical and
biotechnological researches (Asami, 2002). For single-particle analysis, electrokinetic

techniques are mostly preferred instead of conventional dielectric spectroscopy (Jones,
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1995). Alternatively, imaging techniques with a scanning fine probe are also available

for the single-particle analysis (Asami, 1994).

The electrokinetic techniques include DC electrokinetic techniques such as
electrophoresis and electro-osmosis and AC electrokinetic techniques such as
dielectrophoresis, electro-rotation, electro-orientation and travelling wave devices.
Electrokinetic techniques are based on the movement of particles in electric fields.
Many of these techniques can work with single cells, and it is therefore not necessary to
make a suspension with a high concentration of cells as is the case with dielectric
spectroscopy. Because they can work with single cells electrokinetic techniques have
the advantage of being able to do measurements without cell-cell interactions. The
technique can be used for cell characterization as well as cell manipulation (Markx and
Davey, 1999).

2.5.2.1 DC electrokinetic techniques

This refers to those techniques that are based in the behaviour of a particle in the
presence of a DC electric field. The most important DC electrokinetic technique is
electrophoresis (see Figure 2.24). In electrophoresis the movement of a particle
originates from the presence of electrical charge on the surface of the particle. The
interaction between this charge and the electric field produces a migration of the
particle. Electrophoresis is a useful tool for the separation of large molecules (nucleic
acids, proteins) as well as microscopic particles (Zewert and Harrington, 1993; Szoke et
al., 1999; Shendruk et al., 2012).

= ats

Figure 2.24 Electrophoresis
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2.5.2.2 AC electrokinetic techniques

The term “AC electrokinetic techniques” refers to those techniques that are based in the
behaviour of a particle in the presence of an alternate electric field. To observe AC
electrokinetic effect it is necessary to apply a high strength field, which can be achieved
by high voltages with large electrodes or low voltages with small electrodes. The last
approach is generally used more often because of the simplicity. Some of the most well-

known techniques are the following.

2.5.2.2.1 Dielectrophoresis

Dielectrophoresis is the induced movement of a particle in a non-uniform AC electric
field. An explanation of dielectrophoresis can be seen in Figure 2.25. When a
polarisable particle is present in an electric field the applied electric field induces a
dipole in the particle. Due to the non-uniform nature of the electric field, the Coulomb
force on one side of the particle is stronger than on the other side, and as a result there is
a net motion. In the Figure shown the particle is more polarisable than the medium and
the particle moves to the higher field near the smaller electrodes; this effect is called
positive dielectrophoresis. If the particle is less polarisable than the surrounding
medium, the dipole will align in the opposite direction to the field and the particle will
be repelled from the high electric field region. This is called negative dielectrophoresis.
Several attempts have been made in the modelling of the dielectrophoretic forces in 2D
and 3D (Kua et al., 2008; Shi et al., 2011; Sun et al., 2011).

The dielectrophoresis has found many applications in cell separation and trapping and
also in cell characterization (Wang et al., 1993; Becker et al., 1994; Markx et al., 1994,
1995, 1996; Stephens et al., 1996; Gascoyne et al., 1997; Song et al., 2011; van den
Driesche et al., 2012). Dielectrophoresis has been used for separation of live and dead
yeast cells (Markx et al., 1994; Fuhr et al., 1995; Patel et al., 2008) and bacteria of
different species (Markx et al., 1996), for separation of human and animal cells (Becker
et al., 1994; Stephens et al., 1996; Gascoyne et al., 1997; Cen et al., 2004), and for
separation and manipulation of different solid particles (Batton et al., 2007; Jeong et al.,
2009; Chen et al., 2010; Shi et al., 2011).
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Figure 2.25 Dielectrophoresis

2.5.2.2.2 Electro-rotation

Electro-rotation refers to the rotation of particles in the presence of an applied electric
field. The measurement of the electro-rotation rate as a function of the frequency can be
used to obtain information about the electrical properties of single particles. Even
though this technique can be used for a wide variety of particles, the measurement of the
electro-rotation speed is better for those particles between 1 and 100 microns due to the
fact that for small particles is very difficult to observe and measure the rotation,
especially for those with spherical shape while it is hard to apply strong enough forces
to big particles to overcome friction. This technique has been used for measurement of
cell properties (Zhou et al., 1995; Chan et al., 1997; Falokun and Markx, 2007; VVoyer
et al., 2010) and to measure the effects of chemicals on cells (Arnold, 1988). This
technique has a lot of potential in toxicology testing and drug screening (Zhou et al.,
1996), particle characterization (Morganti and Morgan, 2011), and cell characterization
(Zimmerman and Grosse, 2002; Wu et al., 2005).

2.5.2.2.3 Electro-orientation

Electro-orientation is the frequency-dependent orientation of particles in the presence of
an electric field. The orientation of the particles varies according to their dielectric
properties and shapes and the frequency of the electric field. This technique has

biological applications in the fields of particle characterization (lglesias, 1985; Jones,
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1990; Bunin, 1996; Gimsa, 2001), production of structured materials (Pohl, 1978) and
cell characterization (Markx et al., 2002; Bunin et al., 2004).

2.5.2.2.4 Travelling wave dielectrophoresis

Travelling wave dielectrophoresis is a technique in which the movement of particles

over the electrodes is due to the application of phase-shifted electric fields applied to a

railway sleeper-like electrode system. It has a large potential in developing “biofactory-

on-a-chip” devices (Pethig, 1998) and for cell characterization (Wu et al., 2005).
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2.6 Factors that can influence the dielectric signal during biomass monitoring

Dielectric spectroscopy is a powerful tool for monitoring biomass during fermentation;
additional information can also often be obtained about cell properties. However,
fermentation processes are difficult environments to do impedance measurements in.
Often the medium is complex and may contain high concentrations of materials. The
composition of the medium may change considerably as media components are taken
up by the cells and converted, or material is added during fed batch operations, leading
to changes in the medium permittivity and conductivity. Not all materials present in the
medium may be soluble. The materials may also be solids, oil droplets, etc. Such
materials have their own dielectric dispersions which contribute to the overall spectrum.
Other factors may also be important. Large temperature changes may occur. Objects in
the vicinity of the sensor may disturb the electric field emanating from the sensor.
Bubbles may be generated (CO,, air) which can lead to a decrease in the signal when
the bubbles come close to the sensor. Cells may accumulate on the sensor. The electrical
or magnetic environment of the sensor may vary due to fluctuation in the ground

potential, electric motors, magnetic stirrers etc.

Clearly a lot of factors may interfere in a biomass measurement. An attempt will now be
made to give an overview, dividing them into internal factors that are related to the
electronic equipment used for biomass measurements, and external factors that are

associated with the measurement environment.

2.6.1 Internal factors that influence dielectric measurements

All electronic measurement systems contain elements that can affect the signal integrity,
and Biomass Monitors are no exception. Poor signal integrity will affect system
reliability. The aim is therefore a design which minimizes detrimental effects on signal
integrity. Many internal factors can interfere with the signal in an electronic system, the
most significant factors being the cross-talk, EMI and lead inductance.
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2.6.1.1 Cross-talk

Cross-talk is a term used in electronics to refer to the disturbance or interference caused
when the signal from one circuit or channel becomes superimposed on another circuit or
channel, creating an undesired signal in the electrical circuit as a result of electrical
coupling. The line the signal is coupled from is usually referred to as the active (or
aggressor) line, and the signal line the signal is coupled into is called the passive (or
victim) line. A common cause of crosstalk in electronic devices is the current induced in
a wire by the magnetic field created by the changing current in another wire when both

wires run parallel or when two or more twisted wire cables are bundled together.

Cross-talk coupling generates two types of effects: forward and reverse cross-talk.
Forward cross-talk refers to the current coupled onto a passive line away from the active
line driver, as shown in Figure 2.26. The current is the result of capacitively coupled

current (Ic) minus the inductively coupled current (I.).
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Figure 2.26 Illustration of forward cross-talk.

Reverse cross-talk refers to the current coupled onto a passive line toward the active line
driver, as shown in Figure 2.27. The current is the result of capacitively coupled current
(Ic) plus the inductively coupled current (I.).
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Figure 2.27 Illustration of reverse cross-talk.

Cross-talk in integrated circuits can be reduced by using insulated or shielded cables or
by increasing the distance between conductors or by wire re-ordering. However, even
when cross-talk normally refers to a signal affecting another nearby signal due to
capacitive or inductive coupling, other forms of coupling and effects on signalling can
be found (Fairchild Semiconductor, MS-566, 2002; Moser et al., 2002). In biosensors,
cross-talk can be due to the miniaturization of the sensor device, and the design and
geometry of the biosensors can help to reduce cross-talk. Several methodologies have
been proposed to eliminate the phenomenon in such sensors (Palmisano et al., 2000;
Suzuki and Akaguma, 2000; Moser et al., 2002).

2.6.1.2 Electromagnetic Interference (EMI)

Electromagnetic Interference (EMI) refers to any unwanted spurious, conducted or
radiated signals of electrical origin that can cause interference and degradation of the
system signal integrity and performance. This interference can result in data errors and
system faults and can cause problems in the connections, inside the actual system or
outside the system like in cables or nearby systems. Overall board and system layout
have a significant effect on EMI since current flowing in a path within the system can
generate EMI (Fairchild Semiconductor, MS-566, 2002).
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2.6.1.3 Lead inductance

Inductance is a phenomenon that occurs when a change in the current in a conductor
induces or creates a voltage in both the conductor itself and on any nearby conductors.
For steady currents, a steady magnetic field is created following Oersted’s law. With
time-varying i.e. changing electric currents changing magnetic field are associated
which following Faraday’s law of induction and Lenz’s law lead to an induced voltage
which is opposed to and proportional to the change in the current The varying field in a

circuit may also induce voltage in a neighbouring circuit.

In biosensors lead inductances are often introduced when the wires are connected at a
small distance from the edge of a chip. When AC current is flowing in the electrode it
generates a magnetic field surrounding the wires. This time-varying magnetic field

induces voltage in the leads. This behaviour is observed at high frequencies.

Several strategies have been proposed to eliminate inductance effects but because the
effect is magnetic, using shielded wires do not eliminate the effect completely. The
behaviour can often be minimized by twisting the wires or by re-ordering. Many
electronic systems have already made corrections for this effect in their software
(Rodgers and Eggers, 1993).

The inductance of the probe and connecting cable adds another factor to the errors of
measured dielectric properties of materials. It affects the dielectric properties of lossy
media. Its value could be determined from measurements on standard salt solutions and

applying an equivalent circuit analysis (Gabriel et al., 1996).
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2.6.2 External Factors that influence dielectric measurements

External factors are factors that are not directly associated with the measurement system
itself. They can include soluble and non-soluble media components, temperature, the

presence of non-viable cells, carriers, bubbles and other factors.

2.6.2.1 Temperature

Changes in temperature have a significant effect on the dielectric properties of any
material. Many studies have also looked at changes in the dielectric properties of
polymers, ceramics and other materials over the years (Wang et al., 2002; Zhang et al.,
2006; Lizhi et al., 2008; Saltas et al., 2008; Gokcen and Altuntas, 2009; Du, 2010;
Okiror and Jones, 2012). In certain materials there is a U-shape frequency response in
the dielectric loss factor (Roebuck and Goldblith, 1972).

Generally, the dielectric loss factor in water increases with increasing temperature at
low frequencies due to ionic conductance and decreases with increasing temperature at
high frequencies due to free-water dispersion (Tang et al., 2002). At lower frequencies
the changes in the temperature in water directly impacts on the movement of the ions,
producing a rise in conductivity levels when the temperature rises (Fernandez et al.,
1995). The effect of the temperature on the permittivity is particularly high for water
because it has permanent dipoles. When the temperature is raised the molecules have
more energy (thermal energy) and move more strongly. This makes it more difficult to
achieve orientational polarisation, and the relative permittivity of (pure) water value
goes down by 0.38%/K (Fernandez et al., 1995). When other materials are dissolved in
water, the changes in the relative permittivity with temperature can be quite complex.
For example in glucose solutions the dielectric constant may increase when temperature
rises (Liao et al., 2003)

While measuring the dielectric properties of biological tissues temperature is an
important factor to be aware of. In general an increase of about 2%/°C is observed in the
conductivity of tissues in the frequency range below 1 GHz up to a temperature of
around 40 °C due to the decrease of the viscosity of the fluids with increasing
temperature. At higher temperatures the cell membrane begins to deteriorate (Foster and
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Schwan, 1989; Soley et al., 2005). Extrapolation from experimental data on temperature
effects in tissue is difficult (Gabriel et al., 1996).

2.6.2.2 Soluble media components

Media can be made from a wide range of different soluble and non-soluble components.
All these components contribute to overall dielectric properties of the medium (Haggis
et al., 1952). Media components such as salts, sugars, enzymes and other organic and
inorganic compounds affect the dielectric spectra in different ways. Salts are ionic
compounds that when dissolved in a solvent make it more electrically conductive. There
is a linear relationship between the increase in the concentration of ionic compounds
and the increase in the conductivity of the medium. However, the concentration of ions
normally has little effect on the capacitance of the medium (Hasted et al., 1948; Arnoux
et al., 2005) (though it will affect electrode polarisation). In contrast, an increase in the
level of reducing sugars causes a decrease in the capacitance of a medium, but has little
effect on the conductivity (Liao et al., 2003; Bryant et al., 2011).

The composition of the medium can change remarkably as the cells grow and consume
its components. The conductivity of the medium can change considerably due to
consumption or formation of organic compounds, though it depends on the species
used. During yeast fermentation changes in medium conductivity are often small
because the concentration of ions remains almost invariable and the main products of
the metabolism are not ionized (Soley et al., 2005). In contrast, during fermentations of
lactic acid bacteria large charges occur in the medium conductivity due to the formation

of lactic acid.

2.6.2.3 Electrode polarisation

One of the main sources of error while measuring the dielectric properties of biological
materials is electrode polarisation, which occurs at the lower frequency range (Gabriel
et al., 1996). The magnitude of the electrode polarisation is highly dependent on the ion
concentration and increases with increasing conductivity of the sample. Electrode

polarisation decreases with increasing frequency. Electrode polarisation is due to a
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charge organization that occurs at the interface of the electrode and the sample in the
presence of water molecules and hydrated ions (Schwan, 1992). The nature of the ions
in the layer is determined by the nature of the suspension and the material of the
electrode. Therefore, changing the nature of the suspension or the electrode material
will modify the levels of response of the electrode polarisation. Several methods have
been suggested to overcome the effect of the electrode polarisation. Different
mathematical modelling methods have been proposed which determine the contribution
of the electrode polarisation to the spectrum and then eliminate it (Davey and Kell, 1998
a&b; Yardley et al., 2000). Changing the electrode material or the properties of the
electrode surface can improve the electrode polarisation and move it to lower
frequencies, thus permitting better measurements of the B-dispersion to be obtained
(Gabriel et al., 1996). For example, more noble metals have been reported to be better at
reducing electrode polarisation than less noble metals (Stoneman et al., 2007). Also, the
deposition of platinum black on a platinum surface can greatly increase the surface area
of the electrode and thereby reduce the current density, thereby reducing electrode
polarisation.

The use of two electrodes with varying distance has been suggested as one method to
eliminate the electrode polarisation. By varying the separation of the electrodes, the
levels of the electrode polarisation can be determined and eliminated. This method is
suitable only for alternating current measurements. An alternative method for reducing
electrode polarisation is the four electrode method. Here two pairs of electrodes are
used: the outer (current) electrodes and the inner (voltage) electrodes. Some authors
recommend the two electrode system with an electrode polarisation correction as the
better option to measure the dielectric properties of materials since the four electrode
method does not completely eliminate the electrode polarisation on the inner (voltage)
electrodes (Miklavcic et al., 2006).

2.6.2.4 Insoluble media components

2.6.2.4.1 Liquids

In many fermentations oils or fats are added; also many compounds used in

biotransformations are insoluble liquids, or the compounds are dissolved in solvents
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such as hexane and then added to the medium. In the highly stirred environments used
in most fermentations the presence of liquids in the medium that are insoluble in water

leads to the formation of emulsions.

An emulsion is a mixture of liquids which are immiscible; one liquid (the dispersed
phase) is dispersed in another (the continuous phase) (see Figure 2.28). Many studies
have been done to understand the dielectric properties of heterogeneous liquid systems
such as emulsions (Hanai et al., 1962; Feldman et al., 1997; Asami, 2002).

Figure 2.28 Emulsion of two immiscible liquids with the surfactant around the oil drops

stabilizing the emulsion. A surfactant acts as emulsifier, leading to the formation of a micelle.

Emulsions are well studied using dielectric spectroscopy because the two immiscible
materials often have very different dielectric properties and interfacial polarisation can
therefore be readily observed. Emulsions are particularly good for examining the
validity of dielectric mixture equations (Asami, 2002). For water-in-oil emulsions it can
be assumed that the conductivity of the oil phase is much lower than that of the water.
For concentrated suspension of spherical droplets, the following approximate equations

have been derived from Hanai’s equation:

D=1-(g,/5)" (2.42)
K, =K, (1—D)° (2.43)
- % (2.44)

+—
Pt (g, )"

_ 1/3
X, =x, 3-(2+¢, /5h)(51r;3/§1) (2.45)
Pl-(&,/&)""]
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where @ is the volume fraction of the water droplets, x, the conductivity of the oil
phase, ¢, the relative permittivity of the water droplets, x, the conductivity of the

water droplets, &, relative permittivity for the oil phase and ¢, ¢,, x; and «, are

dielectric relaxation parameters.

For oil-in-water emulsions, in which oil droplets are dispersed in water, the conductivity
of the oil droplets is negligibly small compared with the water. Therefore, assuming that

K, <Kk, we can obtain the following equations from Hanai’s equation:

& = §5p +(5a —Egpj(l—d))y2 (2.46)
2 2
£ —g 1/3
" p}(g—J =1-® (2.47)
£,— &, \ &
K, = Kk, (1—D)*? (2.48)
- 2¢, +
K_h -k gh (gh 8p)( ga 8p) (249)

Ye,(e,—6,)(26, +5,)

Emulsions encountered in biotechnology are usually simple oil-in-water emulsions. The
dielectric constants of fats and oils present low values (2-4) and are relatively
independent of frequency and temperature (Kent, 1987; Lizhi et al., 2008). Such
emulsions do not have interfacial dispersion, and the compensation of the dielectric
spectra for the presence of organic phase is generally straightforward. Dielectric
spectroscopy can be used to evaluate the dielectric properties of the emulsions even
when complete phase separation occurs (Asami, 2002). Other more complicated
systems such as liposomes have also been described (Schwan et al., 1970).

2.6.2.4.2 Suspended non-cellular materials

Among the solid materials commonly found along with cells in different processes we
can mention solid organic materials of biological origin such as starch granules,
cellulose and similar materials, and plastics, ceramics, glasses, and minerals used as

support for cell immobilisation.
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Many theoretical and experimental studies have been performed to understand the
dielectric properties of suspension of particles and coarsely dispersed systems (Hanai et
al., 1959; Noll and Biselli, 1998; Asami, 2002; Bonincontro and Cametti, 2004;
Christensen and Keiding, 2008). Spherical particle, single-shell and multishell models

have been applied to analyse the dielectric properties of solids (Asami, 2002).

Electric field

+ > -

+ -

+ -

+ -

+
.1 Solid porous particle Solid particle ||
permeableto ions impermeableto ions

Figure 2.29 Schematic diagram showing the principle of dielectric measurements of biomass in

the presence of suspended non-cellular material.

Most solid materials actually are not easily polarisable and have little or no dispersion
in the radiofrequency range. In contrast cells, because they have a membrane enclosing
the highly polarisable cell interior, are easily polarisable (Figure 2.29). The dielectric
signal in this frequency range is therefore often dominated by cells with an intact
plasma membrane if present (Davey et al., 1993). The most important effect of the
presence of solid particles is commonly only a displacement of cell-containing
suspension which will lead to a slight reduction of the measured capacitance dependent

on the volume fraction of the solid particles (Noll and Biselli, 1998).
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2.6.2.4.2.1 Solid organic materials of biological origin

Many fermentation contain significant amounts of solid organic material of biological
origin, either as a byproduct of the production process of the medium (e.g. spent grain)
or as an additional or major nutrient source (e.g. starch) . Concentrations can range from
a few particles dispersed in an otherwise homogeneous liquid to the substrate of solid
state fermentations in which there is little free water.

Numerous data have been reported in literature on the dielectric properties of food and
other agricultural products (Kent, 1987; Ikediala et al., 2002). Salt, water and oil
content can influence the dielectric properties of these materials. In general, the
dielectric constant increases with increasing moisture content and conductivity rises
linearly with salt concentration (Bengtsson and Rirman, 1971; Feng et al., 2002). The
main mechanism for the interaction between electric fields and organic materials is the
oscillation of polar water molecules and ions as well as interfacial polarisation when

cells are present (Bengtsson and Rirman, 1971; Kent, 1987).

Many fermentations have been reported in which solid biological particles interfered in
dielectric measurements. For example, Ng et al. (2007) showed that spent grain that the
real part of the relative complex permittivity of suspensions of brewer’s spent grain was
dependent on the concentration; however, the imaginary did not vary with
concentration. Equally Nicholson et al. (1996) described the interference of wheatgerm
on dielectric measurements. They showed that artificial neural networks and
multivariate statistical methods could be used to deconvolute the dielectric spectra of
mixtures of yeast cells and wheatgerm. Bryant et al. (2011) described the use of
dielectric spectroscopy for the monitoring of both the hydrolysis of lignocellulosic fibre
and the accumulation of organic acids. During enzymatic hydrolysis, dielectric
spectroscopy capacitance due to the presence of fibre decreased along with a subsequent
increase in conductivity resulting from the production of organic acids during microbial
growth. It was possible to determine the level of enzymatic hydrolysis of the fibre
fractions using this method (Bryant et al., 2011).

Solid state fermentation is a process involving microorganisms growing on solid or
semi-solid immobilized or fluidized supports that have been traditionally exploited in

the manufacture of a wide variety of products. Solid substrates can be characterized as
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gas-liquid-solid mixtures, in which the aqueous phase is intimately associated with both
the solid surface and the gaseous environment (Davey et al., 1991). Monitoring and
controlling biomass and metabolite production during solid state fermentation is a
challenge because of the the complexity and heterogeneity of the media and the variety
of reactors used (Bellon-Maurel et al., 2003). However, dielectric spectroscopy is one of
the few methods that can be used to obtain information on biomass levels during a solid
state fermentation. For example, Pefialoza and co-workers used dielectric spectroscopy
to investigate changes in biomass levels during the production of tempe, a traditional
soya bean product (or any other cereal) fermented by Rhizopus oligosporus (Davey et
al., 1991; Pefaloza et al., 1992). They showed there was an excellent linear relationship
between the increase in capacitance and the amount of biomass as estimated from the
hyphal length (Davey et al., 1991).

2.6.2.4.2.2 Polymers

The dielectric properties of polymers are well studied (Von Hippel, 1954; Schwan et al.,
1962; Hanai et al., 1964; Kazarnovskiy and Yamanov, 1972; Ishikawa et al., 1981;
Zhang et al., 1983; Liu et al., 1996; Christensen and Keiding, 2008; Singha et al.,
2008). Plastics have weak interactions with electric fields because of their non-polar
molecular structure. Resins and plastics like polyurethane foam are commonly used as
inert supports in solid state fermentations (Bellon-Maurel et al., 2003). The use of
dielectric spectroscopy for monitoring biomass in immobilized cell cultures has been
reported previously. For example, the growth of Vero cells on Cytodex 1 carriers and
tissue growth within microporous polymer scaffolds (Dziong et al., 2005; Rourou et al.,
2010). All these publications have reported that dielectric spectroscopy is very well

capable of measuring biomass in the presence of a plastic support.

2.6.2.4.2.3 Ceramics, glass, and similar materials

Ceramics are widely used in many areas of research and engineering because of their
unique characteristics such as high temperature stability, physical properties, thermal
conductivity and weight. The dielectric properties of several ceramic materials have

been previously studied (Von Hippel, 1954). The dielectric constant of ceramic
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materials is usually low (<10) though some ceramics show higher values (Xi and Tinga,
1993; Hamlin et al., 1995). Most minerals exhibit increasing values of the dielectric
constant when temperature is increased with some exemptions showing some more

complicated dependencies (Salsman, 1991).

Ceramics and glass have previously been used as support for cell immobilization. It has
been shown that dielectric spectroscopy can be used for the monitoring of biomass
growing immobilized inside porous glass carriers (Noll and Biselli, 1998) or inside
ceramic carriers (Salter et al., 1990). The presence of the glass or ceramic carriers has
an effect on the dielectric signal, but because the concentration of the carriers was
constant an increase in the permittivity could be directly attributed to cell growth.

Dielectric properties of many soils are closely dependent of their moisture content
(Hipp, 1974; Hoekstra and Delaney, 1974). Some sandy soils have been classified
according to the value of their loss factor (Gonchariva et al., 1991). Soil bioremediation
is a process involving microorganisms growing on solid or semi-solid substrates or
supports, and the use of dielectric spectroscopy for measuring cell concentrations during

soil bioremediation could be considered.

2.6.2.5 Non viable cells

If a cell is dead, the membrane is often broken and charges may pass through the holes
in the membranes, causing a failure of polarisation across the membranes (Davey et al.,
1993). Residual polarisation however remains across the remnants of the cell structures
that cause dead cells to have a small but measurable polarisation. This residual
polarisation contributes to the overall dielectric signal and can cause estimates of viable
cells counts with dielectric spectroscopy to be too high. This is complicated by the fact
that the actual value of the residual polarisation of dead cells depends on the method by
which the cells have been killed (Patel and Markx, 2008). In fact under certain
circumstances, the cells could be dead, but the membrane intact; dead cells would then

give the same signal as live cells.

Changes that occur in the dielectric properties of cell suspensions during cell death

under different environmental stresses have been described by many authors (Stoicheva
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et al, 1989; Huang et al., 1992; Davey et al., 1993; Patel and Markx, 2008). To describe
the changes in the dielectric behaviour when the cells are dying, Equation 2.33 has been
often used. However, for cells with a high membrane conductivity, Equation 2.29
should be used instead since it could be wrongly concluded that a fall in the capacitance
of a cell suspension upon cell death is mainly caused by a drop in the value of C, when
most likely, this change is actually mainly due to an increase in the membrane
conductance G, (Patel and Markx, 2008).

2.6.2.6 Gases

Air, or more general gas bubbles are non conductive, and have a very low permittivity
(dielectric constant ~1). The presence of air bubbles has a negative effect in the
capacitance and conductance values (Davey et al., 1993; Soley et al., 2005). This is the
consequence of the replacement of a fraction of the volume previously occupied by a
polarisable and conductive material (such as cells or other materials) with the non-
polarisable and non-conductive gas bubbles. In cell suspensions with a low volume
fraction of cells the interference due to the cell displacement by the presence of gas
bubbles is an important source of error. Algorithms to reduce the noise generated by gas
bubbles have been proposed (Sonnleitner et al., 1992). Other source of variation during

measurements can be gas bubble trapping on electrodes.

2.6.2.7 Wall effects

Sometimes during the monitoring of biomass at laboratory scale the vessels used for
holding the sample are quite small and the probes or electrodes are placed close to the
walls. This creates an interference with the electric field, producing a reduction in the
capacitance. It is therefore important not to have the probe close to the wall or near the
surface of the liquid as this may also interfere with the electric field distribution around
the dielectric probe. Also, during stirring, vortex can create an impact similar to wall or

surface effect. Other sources of variation can be biofilm formation and cell clumping.
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CHAPTER 3

A METHOD FOR COMPENSATING BIOMASS MEASUREMENTS
DURING BARLEY-BASED FERMENTATIONS FOR
INTERFERENCE BY THE PRESENCE OF SPENT GRAIN

ABSTRACT

Non-cellular particles can interfere during biomass monitoring during fermentation
using dielectric spectroscopy. This study investigated the level of interference caused by
the presence of spent grain from the malting process during barley based fermentations.
Two methods were developed for successfully overcoming the interference by spent
grain. One was based on mathematical modeling, and one on physically keeping the
spent grain from the measuring probe using filters. Although further development is
needed, both methods made it possible to obtain estimates of the biomass level in the

presence of unknown concentrations of non-cellular particles.

3.1 Introduction

All cells have a cellular membrane. The presence of this membrane causes a frequency-
dependent interfacial polarisation process to occur across the membrane. At low
frequencies this makes the cells highly polarisable, increasing the overall suspension
permittivity. As the frequency is increased the capacitor formed by the cell membrane
becomes more permeable for the electric field. As a result the polarisation of the cells
becomes less, and the permittivity of a cell suspension goes down as the frequency
increases (Pethig, 1979; Schwan, 1985; Davey et al., 1995) (see figure 3.1).
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Figure 3.1 Typical B-dispersion curve for cell suspensions

As shown by Schwan (1957), there is a linear relation between the dielectric increment
(4¢) (i.e. the difference between the maximal suspension permittivity at low frequency
(e.) and the residual permittivity at high frequency (&, ) and the volume fraction of

membrane enclosed biomass P which is given by the equation:

8L—8w=A8=iPRCm (3.1)

4e

In which C_, is the membrane capacitance per unit area, R is the radius of the cell, and
€, 1S the permittivity of free space. This linear relationship between the dielectric

increment and cell concentration has allowed dielectric spectroscopy to become one of
the most useful technologies for measuring biomass levels (Schwann, 1957; Kell et al.,
1990; Markx and Davey, 1999; Asami, 2002; Carvell et al, 2006). The method has also
been used to obtain additional information about cellular properties such as the
conductivity and content of the cytoplasm, cell morphology and cell size (Kell et al.,
1990; Markx and Davey, 1999; Ferreira et al., 2005; Ansorge et al, 2010 a & b).
Application of dielectric spectroscopy in biological materials have also spread to
different fields, from studies in tissues (Pethig and Kell, 1987; Gabriel et al., 1996 a, b
& c; Miklavcic et al, 2006; Peyman, 2011) to food technology (Tran et al., 1984; Liao
et al., 2003; Bohigas et al., 2008; Al-Muhtaseb et al., 2010; Guo et al., 2010 & 2011;
Smith et al., 2011).
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Dielectric spectroscopy is relatively insensitive to the concentration of dissolved
medium components. Unfortunately, in many fermentations particulate matter can be
found at high concentrations that also can show interfacial polarisation in an applied
electric field, and their signal in many cases contributes significantly to the overall
dielectric signal. Such particulate matter includes agents used for immobilisation of the
cells such as ceramics or polymer beads, precipitated medium components, and solid
substrates such as starch and (ligno) cellulose. This can make biomass measurements
with dielectric spectroscopy difficult, especially when the actual cell concentration is
low, and the concentration of the non-cellular material varies during the fermentation.
The dielectric properties of many non-cellular particles have been well studied
(O’Konski, 1960; Hanai et al., 1962; Bone and Pethig, 1979; Hill and Jonscher, 1983;
Wang et al., 1993; Barker et al, 1994; Carrique et al, 1994; Asami, 2002; Bonincontro
and Cametti, 2004; Christensen and Keiding, 2008; Singha and Thomas, 2008). Often
materials are polarized by different polarisation mechanisms, showing frequency
dependent permittivities with different relaxation times (Asami, 2002).

The fact that the frequency dependency of the permittivity of non-cellular particles may
be different from that of cellular material potentially offers on the possibility to separate
the signal coming from viable cells from that of interfering non-cellular particles. This
will be explored in this chapter. As a model system a barley-based fermentation with
baker’s yeast was used with spent grain as the noncellular interferent. Spent grain can
be present in distilling fermentations in significant concentrations. Also explored is a
physical technique, in which the medium and cells are separated from the larger non-

cellular particles.

3.2 Materials and methods

Media

100 g of malted barley was crushed in a disc mill at mesh number 7 (0.7 mm particle)
and 400 ml of hot water added to start the mashing process. The malted barley was kept
in a stirred receptacle at 65°C for one hour. After the mashing process had finished the
product was filtered over a filter paper (Munktell 006 folded, pore size: 3 to 4 um) for
2% hours. The clear liquid obtained after filtration (the wort) was used as the medium in

all the experiments. The spent grain remaining on the filter was used in the experiments
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as the source of non-cellular particles (density: 1.068 g/ml). Wort was used for all the

experiments immediately after the filtration.

Cells

To inoculate the fermentations, yeast (Saccharomyces cerevisiae, DCL “M” strain) was
cultivated for 48 h in 250 ml conical flasks containing 200 ml of wort in a stirred
fermentation (200 rpm). The initial yeast concentration used to start the fermentations
was the same as in a usual brewing fermentation, i.e. 10x10° cells/ml. Fermentations
were performed in 600 ml glass beakers containing 400 ml of wort as medium with a
magnetic stirrer at 200 rpm. Cells were harvested by centrifugation for 15 min at 5000
rpm and the pellet was resuspended with wort to obtain 160 ml of yeast suspension with
a cell concentration of 375x10° cells/ml. These cells were then used for further

measurements.

Dielectric measurements

An Aber Instruments Biomass monitor model 220 with a 1.2 cm diameter 30 cm long
annular probe, connected to a PC with Aberscan software version 2.2 (Aber
Instruments, Aberystwyth, UK) was used for recording the dielectric frequency spectra
(see Figure 3.2). The freerun option was used to measure the dielectric properties of the
suspensions at 25 frequency points distributed over the frequency range 0.1 to 20 MHz.
Each spectrum took approx. 10 seconds to record. Spectra obtained during one minute
were averaged. All spectra were automatically corrected for electrode polarisation. All
data are given as pF/cm, i.e. capacitance x cell constant (in /cm). Where appropriate

measurements were corrected for dilution effects.

Figure 3.2 Biomass monitor model 220 from Aber Instruments using three probes at the same
time.
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Fitting procedure

Measurements were taken at different frequencies f;. By taking measurements on
suspensions with yeast and grist at a known total concentrations Py for yeast and Pg for
the spent grain, proportionality constants Ky; (for yeast) and Kg; (for the spent grain)

can be determined similar to the molar absorptivity in spectrophotometric

Mmeasurements:

Kvi = (evi- €0i)/Py (3.2)
And

Kai = (eai - €0i)/Pc (3.3)

in which &y; is the permittivity at frequency i of a suspension of yeast at cell
concentration Py, and &g is the permittivity at frequency i of a suspension of the spent
grain at concentration Pg. &g the permittivity of the background at frequency i.

Assuming linearity, the overall (calculated) permittivity & of a mixture of yeast and

spent grain at frequency i can be calculated from:
gic = €0i + Kyj Pey + Kai Peg (3.4)

in which Py is the calculated concentration of yeast (in cells/ml) and P the calculated
concentration of the spent grain (in gr/ml) in the mixture. Suspension permittivities &
were then obtained at different frequencies f; for different total concentrations of yeast
and spent grain. Data were fitted to equation (3.4) using Excel Solver as described in
Harris (2007) by minimising the distance between calculated (eic) and measured (&)

values of the suspension permittivity for different frequency combinations and values.

fn
D (& - &¢)* = minimal (3.5)
f,
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3.3 Results and discussion

The dielectric properties of different suspensions were measured at different frequencies
(100 kHz to 20 MHz). A first set of experiments was done with increasing yeast and
spent grain concentrations in pure wort. 20 ml of yeast suspension was added every 15
min to 400 ml of wort and changes in dielectric properties recorded. In a different
experiment 20 ml of spent grain was repeatedly added every 15 min to 400 ml of wort.
Comparison of the dielectric spectra obtained (Figure 3.3) shows that the shape of the

dispersions is quite different for the spent grain and the yeast.
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Figure 3.3 Permittivity in function of frequency at different concentrations of a) yeast and b)

spent grain. Each line indicates an increment of a)17.8x10° cell/ml and b)0.05 g/ml.

The spectra of yeast are those of a B-dispersion with a low frequency plateau between
200-300 kHz and a characteristic frequency (f;) around 1000 kHz. With spent grain
there is no low-frequency plateau. As can be seen in Figure 3.4, both the yeast and spent
grain permittivity signals were linearly dependent on the concentration of yeast and

spent grain.
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Figure 3.4 Permittivity at 1121 kHz frequency in function of the concentration of a) yeast and b)

spent grain.

This linearity, combined with the different frequency-dependent behaviour of the
spectra led us to explore the possibility of the developing a mathematical model in order
to separate the signal from yeast and the spent grain and calculate the different

concentrations of yeast and spent grain in a unknown sample.

Spectra were obtained of suspensions of different but known yeast and spent grain
concentrations. Data covered the whole frequency range (25 frequencies between 100
kHz and 20 MHz) were used. The spectra obtained were analysed using the fitting
procedure described previously in Materials and Methods. Results are shown in Figure
3.5, showing the known spent grain and yeast concentrations and comparing them with

the ones calculated from the spectra.
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Figure 3.5 Comparison of known (“Given”) yeast and spent grain concentrations and those

calculated from the dielectric spectra (”Calculated”). a) Yeast. b) Spent grain.

The results show that the procedure allows separating the signal from yeast and the
spent grain in order to obtain a good estimate of the yeast cell concentration from a
mixed suspension of yeast and spent grain. However, it is more difficult to obtain a

good estimate of the concentration of the spent grain.

To explore if the procedure is able to obtain estimates of the concentrations of yeast and
spent grain during fermentation, fermentations were done with wort with different
known concentrations of spent grain. Yeast was inoculated at an initial concentration of
10x10°cell/ml, and cell concentrations were measured by cell counting using methylene
blue staining technique (Gurr, 1965) for the fermentation with no spent grain only.

Dielectric spectra were recorded throughout the fermentation. Figure 3.6 shows the
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change in the permittivity at 1121 kHz during the fermentations. The presence of the
relatively large spent grain particles resulted in a significant amount of noise during the

measurement.
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Figure 3.6 Permittivity in function of time during stirred fermentations with 400 ml wort and

different concentrations of spent grain. Initial cell concentration: 10x10° cells/ml.

Dielectric spectra of the fermentation with only yeast and no spent grain, and with yeast

and 0.22 g/ml of spent grain can be observed in Figure 3.7.
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Figure 3.7 Permittivity as a function of frequency for stirred fermentation showing the dielectric
spectra for a) yeast only, with no spent grain, and b) yeast and 0.22 g/ml of spent grain. Bottom
line is at the beginning of the fermentation and the upper line is 38 h later when cell

concentration reached its maximum value.
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The spectra obtained at 10, 20, 40 and 60 h during the fermentations were analysed
using the procedure described before in order to estimate the concentrations of the spent
grain and yeast during the fermentation. As it was difficult to perform accurate cell
counts when spent grain was present, it was assumed that the cell concentration during
the fermentations in which spent grain was present followed the same time course as the
one without spent grain and the spectra obtained without spent grain was used for all the
calculations. The results are shown in the Figure 3.8.
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Figure 3.8 Comparison of yeast concentration measured with a haemocytometer and spent grain
concentration based on how much spent grain was added (“Given”) with those obtained from
the analysis of the dielectric spectra (“Calculated”) a) After 10 h of fermentation time, b) 20 h,
c) 40 h, d) 60 h. Cell concentration was a) 83, b) 175, ¢) 190 and d) 170x10°cell/ml.

It can be observed that the mathematical model is able to estimate the concentration of
spent grain at the beginning of the fermentation. However, since the spectra used for the
yeast in the mathematical model was the one without spent grain, data obtained at 20,

40 and 60 h shows low correlations.
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Physical separation technique

As an alternative method, a series of experiments were performed in which the spent
grain was separated from the yeast using a filter. In the experiments two dielectric
probes were used at the same time. One probe was left uncovered and the second probe
was placed inside a perforated plastic casing made from a centrifuge tube covered with
filter paper (Munktell 006 folded, pore size: 3 to 4 um). In the first part of the
experiments the concentration of the spent grain was gradually increased by adding
small aliquots of spent grain to 400 ml of wort and simultaneously recording the
impedance at both probes. In the second part of the experiments the yeast concentration

was gradually increased.
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Figure 3.9 Permittivity as a function of concentration of a) spent grain and b) yeast. Two probe

technique was used. One probe covered with filter paper and the other probe left uncovered.

As can be seen in Figure 3.9, the probe left uncovered shows a linear response to the
addition of spent grain, whilst the probe covered by a filter paper shows little response
to the addition of spent grain. Addition of yeast raises the permittivity level at both
probes, showing that the paper filter effectively shields the probe from the spent grain in

the bulk suspension, whilst still allowing yeast to pass through.
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3.4 Conclusions

It was shown that the difference in the frequency dependency of the dielectric spectrum
of spent grain and yeast is a large enough to deconvolve the spectra to obtain accurate
estimates of the relative contributions of the spent grain and the yeast. Thus it is
possible to use this technique in order to obtain good estimates of the concentration of
yeast cells despite the presence of significant amounts of spent grain. However, accurate
estimation of the yeast spectra alone is needed. Therefore, a two probe system has been
developed in which the spent grain is separated from the suspension using filtration.
This allowed one to measure the dielectric properties of the suspended yeast only at one
of the probes, and suspended yeast plus spent grain at the other, allowing one to obtain

accurate measurements of both.

By varying the size of the pores of the membrane it should be possible to keep particles
with different sizes away from the probe, indicating the possibility to separately
measure and resolve the dielectric properties of the suspending medium, the cells, non-
cellular particles of different sizes, and cellular aggregates. The methods developed are
generally applicable, and the findings have relevance for any process where biomass is
monitored using dielectric spectroscopy and interference occurs by the presence of non-

cellular particles.
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CHAPTER 4

USE OF DIELECTRIC SPECTROSCOPY FOR MONITORING
CELLULAR BIOMASS DURING LIGNOCELLULOSIC
FERMENTATIONS

ABSTRACT

Dielectric spectroscopy could potentially be used to measure the level of viable biomass
during lignocellulosic fermentation for bioethanol production. However, during
lignocellulosic fermentations the solid material used as the substrate can potentially
interfere during the measurement. It is shown that if pretreated birch wood is used as the
substrate the contribution to the suspension permittivity is minimal, indicating that
dielectric spectroscopy may be an excellent method for monitoring changes in cellular

biomass during lignocellulosic fermentations on wood.

4.1 Introduction

Lignocellulosic materials potentially constitute a relatively abundant and renewable
feedstock for the chemical industries. Chemicals derived from them include
carbohydrates, primary metabolites obtained through photosynthesis, which can be
converted into biofuels. Other products include those derived from secondary
metabolites such as gums, resins, rubber, waxes, terpenoids, steroids, triglycerides,
tannins, alkaloids and others. Such materials can be used for the production of very high
value biochemicals such as food flavours, feeds, pharmaceuticals, chemicals for
cosmetic industry and nutraceuticals among others (Naik et al., 2010; Limayem and
Ricke, 2012). Of particular interest is bioethanol production (Wyman et al., 1992).
Different processes have been developed for the production of ethanol from
lignocellulosic feedstocks including separate hydrolysis and fermentation (SHF),
simultaneous saccharification and fermentation (SSF) and direct microbial conversion
(DMC) (Wyman et al., 1992). At the moment, however, production is not competitive

compared with the cost of gasoline with the technology available. This, combined with
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other considerations such as environmental concerns will determine the extent of use of
ethanol as a fuel in the future (Keim and Venkatasubramanian, 1989; Sun and Cheng,
2002).

The SSF process has received more attention because the yield of ethanol is relatively
high and the cost of equipment relatively low. Various studies have been performed in
order to improve biomass pretreatment and process conditions (Nguyen and Saddler,
1991; Hinman et al., 1992; Wyman et al., 1992; Olsson and Hahn-Hagerdal, 1996).
This has included testing different enzymes and microorganisms for their ability to
resist the high temperatures during the production process and the presence of inhibitors
such aromatics and acetic and formic acids (Palmqvist and Hahn-Hagerdal, 2000;
Krishna et al., 2001; Ballesteros et al., 2004; Sanda et al., 2011).

Direct measurement of the cellular biomass during the lignocellulosic fermentations
could be of significant benefit during optimisation of the production process. Of the
different methods available for measuring biomass, dielectric spectroscopy is
potentially one of the most useful (Schwann, 1957; Kell et al., 1990; Markx and Davey,
1999). Dielectric spectroscopy involves the measurement of the overall dielectric
properties (permittivity and conductivity) of a material as a function of frequency.
When the material is a suspension then any material that is suspended that has different
electrical properties from that of the suspending medium will attain a frequency-
dependent dipole in the applied electric field caused by a process called interfacial
polarisation (Maxwell, 1873; Schwann, 1957; Pethig, 1979). Cells, because they have a
cellular membrane surrounding a highly conductive aqueous cytoplasm, attain particular
high dipoles which are highly frequency dependent. The tendency is for the permittivity
to go down as the frequency increases, caused by interfacial polarisation at the cellular
membranes and walls (Schwan, 1985; Davey et al., 1995). A linear relationship exists
between the dielectric increment and cell concentration which holds over a wide
concentration range for different types of cells (Asami, 2002). Because the
accumulation of charges at the cell membrane is reduced when the cell membrane is
permeabilized the dielectric increment declines when a cell dies, and the dielectric

signal therefore gives a measure of the concentration of viable cells mainly.

Non-cellular particles which do not have a membrane do not in the main attain as high a

dipole moment as cells, but they still do. The presence of such materials at high
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concentrations will contribute to the overall suspension conductivity and permittivity,
and can therefore make the direct measurement of cellular biomass concentrations with
dielectric spectroscopy more difficult. This is particularly true for lignocellulosic
fermentations in which the concentration of lignocellulosic particles is usually very high
(Bryant et al., 2011). In the research presented, an evaluation will be made of the ability
of the dielectric spectroscopy to measure yeast biomass concentrations during
lignocellulosic fermentations for biofuel production with pre-treated wood (white birch)

as the substrate.

4.2 Materials and methods

Cells

Yeast (Saccharomyces cerevisiae, DCL “M” strain) was cultivated for 48 h at 22 °C in a
stirred fermentation (200 rpm) in malt extract as medium (Oxoid Ltd, 20 g/L) in 250 mi
conical flasks containing 200 ml of medium. Cell cultures obtained were stored at 0-4°
C for 2 hrs and then decanted to obtain a highly concentrated sample of yeast of about
6x10° cells/ml. Cell concentration was tested using methylene blue staining technique
(Gurr, 1965). The concentration of yeast used as inoculum to start the fermentation was

the same as in a usual brewing fermentation which is 10x10° cells/ml.

Medium

Fermentations were performed in 600 ml glass beakers containing 400 ml of medium.
Sterile IFM medium (Mascoma Ltd) with added nutrient salts was used as the
fermentation medium. Pre-treated hardwood (white birch) (Mascoma Ltd) was used as
the lignocellulosic substrate. Cellulase from Aspergillus niger was obtained from
Sigma-Aldrich Company Ltd to enzymatically convert the lignocellulosic particles. The
enzymatic digestion was done adding 2 mg commercial cellulase/g total solids to the
fermentation (simultaneous saccharification and fermentation process, SSF). 100 g of
malted barley was crushed in a disc mill at mesh number 7 (0.7 mm particle) and 400
ml of hot water was added. The water and malted barley were left in a stirred receptacle
at 65 °C for one hour. After this the product was filtered with a filter paper (Munktell
006 folded, pore size: 3 to 4 um) during 2 and half hours to obtain the wort.
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Dielectric measurements

A Biomass monitor model 220 with a 1.2 cm diameter 30 cm long annular probe,
connected to a PC with Aberscan software version 2.2 (Aber Instruments, Aberystwyth,
UK) (Figure 4.1) was used for recording the dielectric frequency spectra. The Aber
Instruments Biomass Monitor automatically corrects for differences in cell constants
between probes, and all data are given as pF/cm, i.e. capacitance x cell constant (in
/cm). One spectrum (25 frequency points distributed over the frequency range 0.1 to 20
MHz) was measured every 10 seconds. For fermentations one spectrum was measured
every 30 min. The results shown are averages. All spectra were automatically corrected
for electrode polarisation. To calculate APermittivity data at 10 MHz was subtracted

from data at 1121 kHz.

Figure 4.1 Experimental set up showing the Aber biomass monitor

4.3 Results and discussion

Experiments were performed at 22 °C in 600 ml glass beakers. The dielectric properties
of 400 ml of sterile IFM medium (Mascoma Ltd) with added nutrient salts were
measured and recorded for 50 min, and then 0.05 g/ml of pre-treated wood was added 5
times every 20 min. Following this, yeast was added to the medium containing 0.25
a/ml of lignocellulosic particles. The yeast concentration was increased four times. The

results are shown in Figure 4.2.
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Figure 4.2 Permittivity as a function of a) concentration of lignocellulosic particles and b) yeast
concentration containing 0.25 g/ml of lignocellulosic particles.

As can be seen in Figure 4.2a, when the lignocellulosic particles were added to the
medium, the changes in the permittivity levels were very small. When the yeast was
added to the medium containing lignocellulosic particles (see Figure 4.2b), the
permittivity went up immediately. The dielectric properties of wood depend on type of
wood, density, moisture content and temperature (Torgovnikov, 1993). In this case the
wood was birch which had received an unknown treatment to make it more easily
digestible. The presence of lignocellulosic particles appears to have a minimal impact
on the permittivity signal, and did not create any major interference when measuring the
changes in dielectric properties of the suspension due to an increase in yeast

concentration.

Figure 4.3 shows the effects of the addition of lignocellulosic particles and yeast on the
conductivity of the medium. Addition of lignocellulosic particles and yeast decreased

the conductivity.
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Figure 4.3 Conductivity as a function of a) lignocellulosic particles and b) yeast concentration in

a medium containing 0.25 g/ml of lignocellulosic particles.
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In the next experiment, fermentation of yeast was performed at room temperature (22
°C) with lignocellulosic particles as the substrate (simultaneous saccharification and
fermentation process, SSF). 400 ml of sterile IFM medium (Mascoma Ltd) with added
nutrient salts was placed in a 600 ml glass beaker, and monitored for 1 hr. After 1 hr;
0.03 g/ml of lignocellulosic particles were added along with commercial cellulose (2
mg/g total solids). After 15 min; yeast was added to an initial concentration of 10x10°

cells/ml to start the fermentation along (See Figure 4.4).
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Figure 4.4 First 3 hours of lignocellulosic fermentation. Addition of cellulase influences the
level of permittivity signalling by going down, while the addition of yeast increases the

permittivity levels.

In the next 3 days lignocellulosic solids were fed in five equal increments to a total
concentration of 0.15 g/ml whilst the dielectric properties of the suspension were
continuously monitored. At the end of the third day, 80 ml of wort were added to the
fermentation (0.16 ml wort/ml final volume). As can be seen in Figure 4.5, the increase
in the permittivity during the first 3 days was quite low. This is most likely caused by
the fact that little substrate was released that was suitable for yeast growth.
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Figure 4.5 Permittivity as a function of time during lignocellulosic fermentation with pretreated
hardwood. Lignocellulosic solids were added in five equal increments to a total concentration of
0.15 g/ml. 0.16 ml/ml of wort was added after 3 days.

The optimal temperature for saccharification would be 50 °C degrees whilst the
optimum for most fermentations would be near 35 °C (Olsson and Hahn-Hagerdal,
1996; Krishna et al., 2001). The temperature used in our experiments was 22 °C
degrees, considerably lower. The fact that little fermentable material was released was
confirmed when after 3 days 80 ml wort was added to the medium. Wort is rich in
fermentable sugars, and the permittivity levels rapidly went up in the next 10 hours due

yeast growth in the more favourable medium.

To determine whether the small increase in the permittivity during the first 3 days was
due to cell growth and not drift, the drift of the instrument was measured by monitoring
the permittivity of a NaCl solution with the same conductivity as the growth medium
for 3 days. As drift would normally affect the low and high frequency, the high
frequency signal (10 MHz) in a spectrum was also subtracted from the low frequency
signal (1121 kHz). The results, shown in Figure 4.6 shows that the change in the
Apermittivity during the first 70 hours of the fermentation was larger than the drift. The
small increase in the Apermittivity is therefore likely to be due to yeast growth, though
because of the lack of conversion of the substrate yeast growth is not a strong.
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Figure 4.6 a) First 70 hours of the lignocellulosic fermentation. An increase in the Apermittivity
can be seen, indicating some yeast growth occurred. b) APermittivity of a NaCl solution for a
similar period. APermittivity is calculated as the difference between data at 1121 kHz and 10

MHz frequency.

4.4 Conclusions

The presence of non-cellular particles can complicate the measurement of the cellular
biomass during fermentation using dielectric spectroscopy. Pre-treatment of the
lignocellulosic particles along with the enzyme treatment can play an important role
during fermentations and good care should be taken to obtain good results. The
enzymatic treatment could have not been effective enough in making wood digestible
for the yeast and that could cause a poor growth rate at the beginning of the
fermentation. However, in the system studied, the presence of pre-treated hardwood had
little effect on the permittivity readings during fermentation, and only small changes in
the conductivity occurred. Rapid changes were observed when cellulase and yeast were
added. Otherwise, the changes in the magnitude of the permittivity signal appear to
depend on yeast growth mainly. Dielectric spectroscopy therefore appears to be a good
method for monitoring the cellular biomass concentration during simultaneous
saccharification and fermentation of hardwood. However, the signals are small, and
great care needs to be taken during measurements and their interpretation as many
factors other than the yeast concentration can affect the capacitance signal (Asami,
2002). However, if these problems can be overcome then dielectric spectroscopy could
play an important role in optimising microbial growth during fermentations of
lignocellulosic feedstocks and studying adverse effects of processing conditions on cell

viability during production.
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CHAPTER 5

CORRECTION OF DIELECTRIC SPECTRA OBTAINED IN
HIGHLY CONDUCTIVE MEDIA FOR NEGATIVE ELECTRODE
POLARISATION

ABSTRACT

Negative electrode polarisation was observed below 1000 kHz when working with
highly conductive media. A mathematical method based on the rate of change in the
permittivity as a function of the frequency and the medium conductivity was developed
and successfully used to compensate spectra of yeast and microalgae for the negative
electrode polarisation. This allowed estimates of the intracellular conductivity and

membrane capacitance of baker’s yeast and microalgae to be determined.

5.1 Introduction

Dielectric spectroscopy involves the measurement of the dielectric properties of
materials as a function of frequency. Dielectric spectroscopy is a non-invasive
technology that can provide very useful information about the structures and electrical
properties of the system at molecular and macroscopic levels (Maxwell, 1873; von
Hippel, 1954). The dielectric properties of cell suspensions have been particularly well
studied because interfacial polarisation processes that occur between the structures that
form the cell lead to frequency-dependent behaviour of the permittivity and
conductivity in the low radio-frequencies (0.1-100 MHz). Particularly well studied is
the B-dispersion which is caused by the presence of the cell membrane. The low
permittivity, low conductivity membrane separating the high conductivity, high
permittivity cell interior and medium leads to an increment in the low radio-frequency
permittivity whose magnitude is linearly correlated with the volume of membrane
enclosed material (biomass) (Schwann, 1957; Harris et al., 1987). This linear relation

has been shown to be valid for many different cells types, including bacteria, yeasts,
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moulds and other microorganisms, as well as animal and plant cells, and has made
dielectric spectroscopy one of the most used technologies for measuring cellular
biomass (Kell et al., 1990; Markx and Davey, 1999; Ferreira et al., 2005; Ansorge et
al., 2010a&b). Detailed analysis of the dielectric spectra can provide additional
information about cellular properties, and dielectric spectroscopy has been be used to
determine other changes in the cells such as size, shape and lipid accumulation among
others (Asami et al, 1980; Asami, 2002; Di Basio and Cametti, 2007; Maskow et al.,
2008; Di Basio et al., 2010).

Microalgae have in recent years attracted increased attention due to their ability to
produce a wide type of useful products for diverse industries. Among these products are
chemicals and bioactive compounds for cosmetic and pharmaceutical applications and
proteins and lipids for food and biofuel industries (Carballo-Cardenas et al., 2003;
Spolaore et al., 2006, Garcia-Casal et al., 2009, Demirbas, 2010; Harun et al, 2010;
Nigam and Singh, 2011). The high conductivity of the media used for growing marine
microalgae combined with their small size, makes monitoring of the biomass level
during their culture with dielectric spectroscopy challenging. As a result, optical
methods have been preferred to date (Sandnes et al., 2006; Griffiths et al., 2011).
Dielectric spectroscopy can, however, potentially give additional information about
algal cell properties which are difficult to obtain on-line and in real-time with other
methods, including information about cell viability and lipid content. It may therefore
be useful to explore the use of dielectric spectroscopy in algal cultures in high
conductivity media further.

The challenge of using dielectric spectroscopy to measure the concentration of biomass
of microalgae in high medium conductivity media is one that is common with many
other types of fermentation. During many fermentations the properties of the medium
change over time as different compounds are generated and released to the medium,
changing the chemical and electrical properties of the suspension (Palmqvist and Hahn-
Hagerdal, 2000, Bryant et al., 2011, Tibayrenc et al., 2011).

Working with dielectric spectroscopy in media with high conductivity levels presents

two challenges. The first challenge is crosstalk. The other challenge is electrode
polarisation (Schwann, 1992; Davey and Kell, 1998 a&b; Yardley et al., 2000).
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Crosstalk is caused by the inability to resolve the imaginary and real part of the
impedance, causing a change in the measured capacitance when the conductance
changes. Crosstalk is a problem that is caused by the limitations of the electronic

circuitry, and can be solved —or at least reduced - by electronic design.

Electrode polarisation is thought to be produced by the build-up of charge at the
interface between the electrode and the electrolyte (medium) which results in
frequency-dependent contributions to the measured permittivity and conductivity
(Schwan, 1992). Electrode polarisation causes a distortion of the -dispersion producing
high (positive) or low (negative) values of permittivity and occurs at the low frequency
end (below 1000 kHz).

Several methods have been proposed for reducing electrode polarisation. One approach
is to change the measurement system. For example, the use of inductively coupled
electrodes makes it possible to do dielectric measurements without direct contact with
the liquid, and can completely eliminate electrode polarisation (Siano, 1997). Four
electrode measurements, in which only a small voltage drop is induced at the inner set
of electrodes, and the majority of the current (and hence the electrode polarisation)
occurs at the outer electrodes can be used to significantly reduce (but not eliminate)
electrode polarisation (Harris et al., 1987; Schwan, 1992). This method is used in the
commercially available Aber and Fogale Biomass Monitors. The amount of electrode
polarisation is dependent on the material of the electrode and the current density
through the surface. Noble metals tend to produce much less electrode polarisation, and
platinum, which can be induced to form a layer of highly porous platinum with a very
high surface area (“platinum black™) is particularly useful. A move from pure gold to
platinum electrodes can result in a reduction in electrode polarisation of 2-4 orders of
magnitude (Stoneman et al., 2007). Precise measurement of the contribution of the
electrode polarisation is possible by taking admittance measurements with different
distances between the measuring electrodes (Schwan, 1992). Taking measurements with
different distances is impractical for on-line biomass measurements due to the
introduction of movable parts and concomitant problem with sterility, though a

vibrating electrode system has been proposed (Davey and Kell, 1998).

The other approach is to use mathematical models to describe and then compensate for
electrode polarisation. Among methods that have been proposed is the substitution
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method (Davey et al., 1990; Schwan, 1992), in which a low frequency scan is made of
the capacitance of a sample of the suspending medium and subsequently subtracted
from the low frequency scan of the cell suspension (Davey et al., 1990; Schwan, 1992;
Davey and Kell, 1998a&b; Yardley et al., 2000; Bordi et al., 2001; Stoneman et al.,
2007; Prodan and Bot, 2009;). Davey and Kell (1998) proposed a mathematical model
which allowed compensation of a spectrum for the electrode polarisation by using the
fact that electrode polarisation declines rapidly from at increasing frequencies. By
fitting the low frequency part of a spectrum to a power law they were able to remove
electrode polarisation from a spectrum without having to separately measure the
polarisation of medium without cells (Davey and Kell, 1998b). However, this method
can overcompensate for electrode polarisation, especially where the signal that is being
measured is very small, or where the signal from the material that is being measured

itself is frequency dependent (for example where low-frequency dispersions occur).

Here we will describe a method for the removal of (negative or positive) electrode
polarisation in system combining the relative uses of the substitution method and the
Davey and Kell’s mathematical modelling approach. The method was applied to the
measurement of the dielectric properties of microalgae and yeast in highly conductive

media.

5.2 Materials and methods

Cells

High activity, pressed baker’s yeast. (Saccharomyces cerevisiae) was obtained from
DCL Craftbake and stored at 0-4° C for a maximum of 12 days. The viability of fresh
yeast was tested using methylene blue staining (Gurr, 1965) before each experiment,
and was not less than 98%. 100 g of pressed yeast was resuspended with deionised
water and artificial sea salt (Instant Ocean) was added at different concentrations to a

final volume of 150 ml to obtain a thick suspension with 7x10° cells/ml.

Nannochloropsis oculata is a marine micro alga with a diameter of around 2.7+£0.3 um
during the stationary phase. Nannochloropsis oculata was cultivated in four 10 L
culture  flasks (Carbuoys) in f/2  artificial sea  medium (see
http://www.ccap.ac.uk/media/documents/f2.pdf) at 20° C with 16 hrs of light and 8 hrs
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of darkness until stationary phase was reached (Day et al., 2012). Centrifugation of the
40 L of cells was done in 500 ml flasks (15 min centrifuge spin at 5000 rpm, 5311 g)
and resuspended in the same medium to obtain a volume of 150 ml with about 2.3x10°
cells/ml. Previous experiments made with this micro alga show it has a strong wall
which makes it difficult to break it down making it very resistant to the treatments for
concentration and preservation (Gwo et al., 2005). A 5 ul sample was diluted to 1 ml
and cell concentration was determined by haemocytometer counting. Cell concentration
after centrifugation was 2.3x10° cell/ml

Dielectric measurements

For the experiments with microalgae, 700 ml of /2 artificial sea medium was prepared
and placed in a 1000 ml glass flask. 15 ml of a concentrated microalgae suspension
(2.3x10° cell/ml) was added to the medium 10 times every 5 min, and the dielectric
properties of the suspension continuously monitored. In the next experiment, 100 ml of
medium was diluted 10 times to 1 L final volume with deionised water. Cells from
previous experiment were centrifuged, washed twice and resuspended to 150 ml final
volume with the same 10 times diluted medium. 700 ml of the 10 times diluted medium
was placed in a 1000 ml glass flask. Again, 15 ml cell suspension (with 2.3x10° cell/ml)
was added to the dilute medium 10 times every 5 min, and the dielectric properties of
the suspension recorded.

For the experiments with baker’s yeast (S. cerevisiae), small aliquots (15 ml) of the
concentrated yeast suspension (7x10° cells/ml) were added to a 1 litre beaker with 500
ml medium containing deionised water with different concentrations of artificial sea
salt. In all experiments an Aber Instruments Biomass Monitor model 220, shown in
Figure 5.1, was used, with a 1.2 cm diameter 30 cm long annular probe with 4 platinum
electrodes, connected to a PC with Aberscan software version 2.2 (Aber Instruments,
Aberystwyth, UK) to record the dielectric frequency spectra. The freerun option was
used to measure the dielectric properties of the cell suspension at 25 frequency points
evenly distributed over the frequency range 0.1 to 20 MHz. One spectrum was
measured every 10 seconds, and then an average spectrum was calculated from the data

from 30 spectra. All data were corrected for dilution effects.
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Figure 5.1 Experimental set up showing the Aber biomass monitor.

5.3 Results and discussion

Cross-talk

At frequencies above 1 MHz electrode polarisation effects were minimal, and for this
reason the amount of cross-talk at 1121 kHz was measured by measuring the
permittivity of deionised water at different medium conductivities. As can be seen in
Figure 5.2, when the permittivity of deionised water without salt was measured an
anomalously high permittivity was observed. However, when the medium conductivity
was increased by increasing the amount of artificial sea salt (Instant Ocean) in the
medium, the permittivity remained near constant for conductivities until a value of 54
mS/cm was reached. Above this level, no increase in conductivity could be measured,

and the measured permittivity declined strongly.
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Fig. 5.2 a) Conductivity and b) Permittivity at 1121 kHz as a function of artificial sea salt
concentration.

As can be seen in Figure 5.3., when the experiment was repeated in a suspension which
contained yeast, for an artificial sea salt concentration between 0.001 — 0.04 g/ml, the
linear correlation between cell concentration (yeast) and permittivity at 1121 kHz
remained nearly constant and was only slightly influenced by the conductivity in the
medium.
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Fig. 5.3 a) Permittivity (pF/cm) as a function of cell concentration for media with different
artificial sea salt concentrations. b) Slope of permittivity as a function of cell concentration for
different artificial sea salt concentrations.

Electrode polarisation

As can be seen in Figure 5.4, at low frequencies (below 1000 kHz) significant electrode
polarisation was observed. Although electrode polarisation is commonly positive, i.e. it
increases the permittivity, negative electrode polarisation which decreases the
permittivity does commonly occur (M. Lee, Aber Instruments, personal
communication). As expected the difference between the expected and measured
permittivity due to electrode polarisation increased at lower frequencies and higher
conductivities.
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Fig. 5.4 Dielectric spectra of permittivity (pF/cm) as a function of frequency for different
artificial sea salt concentrations a) in water without cells and b) in water with 1.6x10° yeast
cells/ml.

Compensation for electrode polarisation
A new methodology was developed to overcome electrode polarisation whilst working

with highly conductive media. The protocol was as follows:
Permittivity measurements were taken in water at different frequencies f; from 100 kHz

to 20 MHz for different concentrations of artificial sea salt. For each frequency and salt

concentration the data were plotted in a graph as shown in Figure 5.5.
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Figure 5.5 Permittivity spectrum as a function of frequency showing the expected baseline P,

and electrode polarisation Pp,.

The contribution by the electrode polarisation to the spectrum reduces as the frequency
increases, and becomes negligible at frequencies over 3 MHz. Dielectric spectra usually
show an increase in the permittivity at the highest frequencies, but typically there is a
flat baseline around 3-4 MHz. From the experiments on crosstalk we know that the
baseline is relatively constant over a large frequency range and at different medium
conductivities. Assuming that the baseline has the same value at all frequencies below 3
MHz, we can assign the baseline a value P, based on the measured permittivity between
3 and 4 MHz. For a given salt concentration (X;) and a given frequency (f;) the

contribution by the electrode polarisation AP to the spectrum can then be estimated:

AP = Abs(Pp, - P¢) (5.1)
where P, corresponds to the experimental permittivity values showing electrode
polarisation and P is the baseline permittivity, i.e. the expected permittivity when there

is no electrode polarisation. The electrode polarisation was estimated for different salt

concentrations, and the results are shown in the next Figure 5.6.
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Figure 5.6 Contribution of electrode polarisation to the spectra at different artificial sea salt

concentrations.

The shape of curve of AP as a function of frequency (Figure 5.6) suggests that a power
law model, as previously observed in other work (Onaral et al., 1984; Davey and Kell,
1998; Yardley et al, 2000), could be applied. The power law establishes that:

fc,=tHC, P (5.2)
or
log('Cy) = log(*"*C,) + p log( f) (5.3)

where ! HZCp is the capacitance due to polarisation at 1 Hz, f is the applied frequency
(H2), pr is the capacitance (pF) due to electrode polarisation at a given frequency and p

is a dimensionless power term.

According to Eq. 5.3, when data are plotted in a log-log plot, then the intercept with the
y-axis will give log( ' "*C,), and the slope the power p. ! "C, gives a measure of the
magnitude of the polarisation, and p a measure or the rate of fall of polarisation as a

function of frequency

As can be seen in Figure 5.7 the power law described the polarisation data well, and a
value for p was found of -1.1. For further analysis a more practical values of -1 was

used.
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Figure 5.7 AP values replotted on a log/log plot to show the correlation with the frequency

following the power law model on Eqg. 5.3.

Thus, following the previous results, the frequency dependent polarisation AP can be

described by:

AP = M/f (5.4)

The value of M is dependent on the salt concentration. A plot of the values of M as a
function of the salt concentration (Figure 5.8) showed that M is linearly dependent on
the salt concentration. This is most likely due to the fact that the electrode polarisation
is dependent on the current density, and hence the medium conductivity. Medium

conductivity will be linearly correlated with salt concentration.
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Figure 5.8 Factor M as a function of artificial sea salt concentration obtained experimentally

based on data with electrode polarisation.

Factor M for a known artificial sea salt concentration can therefore be estimated with
the linear relation:

M = 105000X; (5.5)
where X; is the salt concentration in g/ml.

In Figure 5.9 predictions of the electrode polarisation based on equation 5.4 and 5.5 are

plotted as a function of the measured electrode polarisation. Predicted values of the

electrode polarisation correlate strongly with the measured values.
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Figure 5.9 Predicted values of electrode polarisation as a function of measured values of

electrode polarisation.

Application of the electrode polarisation compensation method to the measurement of
the electrical properties of baker’s yeast

Having established a simple protocol to estimate the contribution by the electrode
polarisation to a dielectric spectrum, measurements were taken of suspensions of yeast

cells at different cell concentrations and at different medium conductivities.

The measured permittivity values from a yeast suspension with electrode polarisation
(Pe) can be corrected for electrode polarisation to obtain the corrected permittivity (Pc)
using the equation:

P.=P. + M/f (5.6)
Figure 5.10 shows the dielectric spectrum of a cell suspension of 1.6x10° cells/ml of

yeast in water with a salt concentration of 0.02 g/ml before and after correction for

electrode polarisation using equation (5.6). Figure 5.11 shows all corrected spectra.
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Figure 5.10 Original and corrected permittivity spectra for a yeast suspension with a cell
concentration of 1.6x10° cell/ml. The artificial sea salt concentration in the medium was 0.02
g/ml.
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Figure 5.11 Dielectric spectra with of suspensions with 1.6x10° yeast cells/ml with different

artificial sea salt concentrations in water after compensation for electrode polarisation.

With the corrected data it was possible to determine the change in f. of the yeast
suspensions as a function of the salt concentration. It was found (Figure 5.12) that the
characteristic frequency f. moved to higher values when salt concentration was

increased, but at certain point, around 0.02 g/ml the f. stabilized.
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Figure 5.12 Characteristic frequency f. as a function of artificial sea salt concentration for cell

suspension of yeast with concentration of 1.6x10° cell/ml.

For diluted suspensions of viable cells, when the viable cell volume fraction (P) is low
(P<0.2) and the electrical interactions between cells in negligible, f. can be effectively
related with the internal conductivity of the cells following an equation developed by
Pauly and Schwan (Harris et al., 1987), in which the relaxation time for a Maxwell-

Wagner dispersion (-dispersion) is described by:

- = rCm[—,+—,j (57)

where r is the cell radius (cm); C, specific membrane capacitance (uF/cmz); Gi’,
intracellular conductivity (mS/cm) and o,’, medium conductivity (mS/cm). For yeast
with a radius of 3 pm in a suspension with 1.6x10° cells/ml P can be estimated to be
0.18, i.e. smaller than 0.2. The external conductivity can be estimated from the salt
concentration in water. Though the medium conductivity was slightly frequency
dependent (Figure 5.13), in the frequency range in which the f; occurred its value was
relatively constant, and the conductivity of the medium at 1121 kHz was chosen as the

most appropriate.
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Figure 5.13 Conductivity as a function of frequency for increasing artificial sea salt

concentration in deionised water.

A plot of 1/f; as a function of 1/,” is shown in Figure 5.14.
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Figure 5.14 Characteristic frequency as a function of medium conductivity for yeast suspension

of 1.6x10° cell/ml at different artificial sea salt concentrations.

oi’ can be obtained from the intersection with the x axis and C,, from the slope of the

line. Cp, was calculated to be 1.35 uF/cm? and o> 32 mS/cm.

The Cp, gives a measure of the cell’s ability to build-up electrical charges across the cell

membrane. Its value is dependent not only on the permittivity and thickness of the
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membrane, but also whether folds occur in the membrane. A value of 1+0.5 pF/cm? is
commonly attributed to it (Harris et al., 1987), but its value can vary. For halophilic
bacteria values for C,, have been reported varying between 1 and 4 puF/cm? (Morgan et
al., 1987). Using a similar method as the one employed here, Patel reported values for
the Cr, for yeast between 2.8 and 3.8 uF/cm? (Patel, 2009). Typical values for the value
of the intracellular conductivity for yeast are between 1 and 6 mS/cm (Tibayrenc et al.,
2011). Patel, using a similar method as the one used here, reported measured values of

the internal conductivity of yeast cells in the range of 253 mS/cm (Patel, 2009).

Application of the electrode polarisation compensation method to the measurement of
the electrical properties of microalgae

The next set of experiments was performed with the marine microalga Nannochloropsis
oculata. Figure 5.15 shows the cell count as a function of time in a batch culture. Cells
were harvested when they were in the stationary phase. The cell size at that time was

around 2.7£0.3 um.
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Figure 5.15 Nannochloropsis oculata culture.

A concentrated microalgal suspension was created and in small aliquots added to a
medium with a sea salt concentration of 0.0335 g/ml, and also to a ten times diluted
medium with a sea salt concentration of 0.00335 g/ml. The salt concentration of the
growth medium for the microalgae was around 0.0335 g/ml. the high medium
conductivity at these salt concentrations creates a large amount of electrode polarisation,

causing serious interference during the monitoring of microalgal biomass levels.
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Equation 5.6 was applied and Figure 5.16 shows the results of the correction for
electrode polarisation for a cell suspension with a concentration of 0.3x10° cells/ml in
seawater.

—Originaldata - Corrected data
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Figure 5.16 Original and corrected permittivity spectra as a function of frequency for
microalgae suspension with a concentration of 0.30x10° cell/ml. Artificial sea salt concentration
in the medium was in the order of 0.033 g/ml.

Figure 5.17 shows the results of the correction of the data of microalgae suspension in
10 times diluted media.
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Figure 5.17 Original and corrected permittivity spectra as a function of frequency for
microalgae suspension with a concentration of 0.30x10° cell/ml. Artificial sea salt concentration

in the medium was in the order of 0.0033 g/ml.

Comparison of Figure 5.16 and 5.17 shows that in Figure 5.16 there is no sign of a
dispersion caused by the presence of the cells, whilst in Figure 5.17 there is. This
indicates that even thought the method eliminates the negative electrode polarisation
successfully, when changes in the permittivity caused by the presence of the cells are
small (due maybe to a small cell diameter), the method may not be sensitive enough to
identify these small changes in the biomass levels since the high conductivity of the

medium creates a strong interference.

The electrode polarisation method was applied to all the cell concentrations for the two
media conductivities. Data at 1121 kHz were then abstracted. Figure 5.18 shows the
correlation between permittivity and cell concentration for a) usual medium and b)
diluted medium at 1121 kHz. The experimental data without electrode polarisation
correction indicate that linear relations exist between cell concentration and dielectric
increment for both mediums at frequencies above 1000 kHz as seen before with yeast
suspensions. The results show that there is no significant difference in the slopes of the
permittivity as a function of cell concentration (1.3 cell/ml per dielectric increment)

when cells are added to a usual media or to a 10 times diluted media.
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Figure 5.18 Permittivity (pF/cm) as a function of cell concentration for a) usual media, and b)
10 times diluted media.

Cm and oy’ were calculated following the same procedure as that used for yeast. In this
case, only two different salt concentrations were available. The results are shown in
Figure 5.19.
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Figure 5.19 Inverse of the characteristic frequency as a function of the inverse of the medium
conductivity for microalgal suspension of 0.3x10° cells/ml at different artificial sea salt

concentrations.

oi’ can be obtained from the intersection with the x axis and Cp, from the slope of the
line. Cy, for marine microalga (Nannochloropsis oculata) was calculated to be 15.6
nF/cm? and the intracellular conductivity (o) of the microalgae to be 8.2 mS/cm. The
values of ;" and C, have never been previously reported for this microalga and there is
therefore no direct reference value; however the values obtained are relatively high
compared to those previously reported in literature for other microorganisms (Harris et
al., 1987; Morgan et al., 1987; Patel, 2009; Tibayrenc et al., 2011). More experiments

with different medium conductivities should therefore be done.

5.4 Conclusions

The Biomass Monitor model 220 has an upper limit for the medium conductivity of 54
mS/cm. Below this conductivity values crosstalk between the conductivity and
capacitance signal was minimal, but strong electrode polarisation could be observed at

high medium conductivities which could affecting biomass measurements.

A simple relation was found to exist between the salt concentration in the medium and

the level of electrode polarisation. This allowed spectra to be corrected for electrode
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polarisation, and the internal conductivity and membrane capacitance of baker’s yeast
and microalgae (Nannochloropsis oculata) to be determined. The signal for microalgae
however was quite small. Although the use of dielectric spectroscopy for measuring
biomass levels during microalgal cultivation is a possibility, an increase of the
sensitivity of the biomass monitor of an order of magnitude would be needed to
consistently obtain reliable data. This should enable one to obtain better estimates of the
internal conductivity of the cells, which in turn could provide information of the lipid
content of the cells (Maskow et al., 2008).
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CHAPTER 6

MICROELECTRODES FOR MEASURING THE DIELECTRIC
PROPERTIES OF CELL SUSPENSIONS

ABSTRACT

The use of microelectrodes for the measurement of the biomass during fermentation was
explored. Interdigitated microelectrodes were fabricated from indium tin oxide (ITO) on
glass with different electrode widths and distances between the electrodes. Spectra in a
frequency range 100 kHz to 24 MHz were obtained of yeast suspensions in malt extract.
The results show that it is feasible to use ITO microelectrodes for monitoring biomass
levels in suspensions. Reduction of the electrode width reduces the signal; also the
signal may become unstable. Reduction of the distance between the electrodes generally
improved the signal.

6.1 Introduction

The study of electrical phenomena in biological materials goes back many centuries.
The use of electrical phenomena in biotechnology is nowadays an extensive field with
many different applications. Common amongst these experiments is the use of
electrodes to either apply electric fields or measure electric fields. Whilst traditionally
large electrodes have been used, the use of microelectrodes, rather than macroelectrodes
can have many advantages. They include the ability to generate high electric field
strengths with relatively small voltages, the ability to pick up small signals, and perform
measurements on smaller systems, and to produce disposable electrodes. The use of
microelectrodes increases the portability of devices, makes it easier to work in parallel,
increasing the throughput, and allow the simultaneous production of many devices
simultaneously. Applications of microelectrodes include their use as sensing elements in
biosensors (Rodrigues et al., 2004; Morin et al., 2005; Marrakchi et al., 2007; Laczka et

al., 2009; Jungreuthmayer et al., 2012) and to generate electric fields for cell
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manipulation (Markx et al., 1999, Cen et al., 2004). Microelectrodes have been also
been used before in the study of changes in the electrical properties of cells (Hause et
al., 1981; Giaever et al., 1992; Ehret et al., 1997; Rodrigues et al., 2004; Morin et al.,
2005; Natarajan et al., 2006; Burmeister et al., 2008; Varshney et al., 2008).

Dielectric spectroscopy, also referred to as impedance or admittance spectroscopy, is an
effective technique for the characterization and enumeration of cells. The technique can
be used online, and there is no need for labels or any other pre-treatment of the cells
before a measurement. Measurements of biomass levels using dielectric spectroscopy
are based on the fact that in the frequency range between 0.1 and 100 MHz interfacial
polarisation occurs at the cell membrane interfaces, causing large dipoles to be induced
in the cells (Markx et al., 1999). As shown by Schwan (Schwan, 1957), the resulting
increase in the capacitance at low frequencies is directly related to the volume fraction
of membrane—enclosed material. When a cell dies, the membranes are often damaged.
When a membrane becomes permeable charges cannot accumulate at the interface, and
interfacial polarisation will be reduced. The accompanying reduction in the capacitance
can be used to monitor cell death on-line and in real-time (Markx et al., 1999; Yang et
al., 2008).

It is well recognised that the magnitude of the electric field generated by the
microelectrodes depends on the applied voltage and electrode geometry (Morgan et al.,
2001; Wakizaka et al., 2004; Wang et al., 2010). However, relatively little attention has
been given to the way the electric field generated by the electrodes extends away from
the electrode surface, and how this affects dielectric measurements. Also, it has been
little explored how this can be used to advantage (Olthuis et al., 1995; Krommenhoek et
al., 2006). The aim of the present study is to explore the use of microelectrodes made by
photolithography for improving dielectric measurements on cell suspensions. The
findings will help in developing techniques for improving the accuracy of the

impedance readings and optimising the measurement of biomass levels during.
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6.2 Materials and Methods

Microelectrodes

Microelectrodes were fabricated from ITO-coated (100 nm ITO) microscope glass
slides (Delta Technologies Ltd, USA) using photolithography. Prior to photolithography
the slides were cleaned with acetone or propanol to remove any contamination, then
dried using compressed air, baked at 115 °C for 20 min to evaporate all the adherent
water molecules and to enhance the adhesion of photoresist to the substrate. After
cleaning, the slides were placed in the centre of the spin coater ensuring balance. A
layer of photoresist (Microposit 1813, Shipley) was added with a pipette, covering the
whole surface of the slide. It was then spin-coated at 400 rpm for 20 sec with an
acceleration of 100 rpm/sec and then at 3000 rpm for 30 sec with an acceleration of 500
rpm/sec. The coated ITO wafer was placed in contact with a hot plate set at 115 °C for 1

min to strengthen the photoresist.

Photomasks were designed using Protel 99 software and printed on polyacetate sheet
externally (JD Photo Tools Services, Oldham, UK). A photomask with the design of the
electrode in black was placed on the top of the photoresist and UV light (150 J for 5
sec) applied using a mask aligner (Tamarack 152R). The microelectrode wafer was then
washed with a developer (Microposit MF26) which removes the UV-exposed
photoresist layer leaving the mask-protected patterns. The microelectrode wafer was
then washed with acid (fresh aqueous solution of HCI 5 M and HNO3 1 M at 4:1 ratio
v/v) which etched away the unprotected ITO, leaving behind the photoresist-protected

areas. The photoresist was then removed with acetone. See Figure 6.1.
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Figure 6.1 Protocol of fabrication of ITO microelectrodes.

Dielectric measurements

A Biomass monitor model 220, connected to a PC with Aberscan software version 2.2
(Aber Instruments, Aberystwyth, UK) was used for recording the dielectric frequency
spectra. The microelectrodes were connected to the biomass monitor headamp using a
PCB clip-on connector connected to an Amplikon 10 pin connector. See Figure 6.2.
During the measurements, the microelectrodes were covered with black insulating tape.
Unless specified otherwise, 1 cm of the microelectrodes were left exposed. The exposed
area was immersed in the liquid and the height was then fixed for the rest of the
experiments. High activity, pressed baker’s yeast was obtained from DCL craftbake,
and stored at 0-4 °C for a maximum of 12 days. Malt extract was obtained from Oxoid
Ltd. 500 ml of malt extract at 20 g/L was prepared with water. 100 g of pressed yeast
was resuspended with malt extract to a final volume of 150 ml obtaining a thick
suspension of 7x10° cells/ml. 15 ml of this concentrated yeast suspension was added to
500 ml malt extract medium every 2 min ten times. The freerun option was used for
measuring the capacitance and conductivity of a cell suspension. The automatic
electrode polarisation correction procedure was on throughout all the experiments.

Every measurement was done three times. The results shown are averages.
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Figure 6.2 Experimental setup using ITO microelectrodes.

6.3 Results

Electrode design

Different microelectrode designs were tested. Interdigitated microelectrodes were
fabricated from indium tin oxide (ITO) on glass with different widths of electrodes and
distances in between the bars of the electrodes. An example is shown in Figure 6.3.

Figure 6.3 Microelectrode with connectors.
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Figure 6.4 Typical microelectrode designs.

Figure 6.4 shows typical microelectrode designs. All designs had 4 interdigitated
electrodes of the same width and the same distance in between bars. A total of 10

microelectrodes were fabricated as listed in Table 6.1.

Microelectrode number Electrode width Distance between bars
(mm) (mm)

1 0.5 1.2
2 0.5 0.8
3 0.5 0.5
4 0.1 0.2
5 0.8 1

6 0.8 0.8
7 0.3 0.8
8 0.3 0.2
9 1.2 0.8
10 1.2 0.5

Table 6.1 Microelectrodes fabricated showing the correspondent electrode width and distance in

between bars.
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The permittivity as a function of the frequency is shown in Figure 6.5 for the different

microelectrodes with 1 cm exposed to the liquid.
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Figure 6.5 Permittivity as a function of frequency at increasing concentrations of yeast cells. 1

cm of the microelectrodes was exposed to the suspension.
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Large differences can be observed in the shape of the frequency scan at different
microelectrode sizes. Smaller electrode widths give smaller signals. Electrode
polarisation is generally limited, though Microelectrode 8 showed very high baseline
polarisation which may be due to electrode polarisation, with permittivity values close
to the limit of the biomass monitor. Microelectrodes 5 and 10 appear to give the best

response.
Figure 6.6 shows the permittivity as a function of yeast concentration for different

microelectrodes.
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Figure 6.6 Permittivity as a function of the yeast concentration for a) 8 microelectrodes with

different electrode bar widths and distances in between bars b) ME5 and MES.
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Surprisingly, ME8 shows a decline in the permittivity with increasing yeast
concentration rather than an increase. This finding is commensurate with the notion that
the high signal shown by MES is caused by electrode polarisation. The presence of
yeast near the electrode surface may well lead to a local decrease in the current density,

leading to a decrease in the electrode polarisation and hence overall permittivity signal.
Figure 6.7 shows data for the three microelectrodes with the same bar width (0.5 mm),

but different distances between the electrode bars. It can be seen that the permittivity

signal becomes larger when the distance in between the bars is smaller.
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Figure 6.7 Permittivity as a function of yeast concentration for microelectrodes with 0.5 mm bar

width and different distances in between bars.

Figure 6.8 shows the slopes of the three microelectrodes with the same bar widths but
different distance in between the electrodes. It can be observed that the slope is higher

when the distance in between the bars is smaller.
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Figure 6.8 Slope (permittivity / yeast concentration) as a function of the distance between the
microelectrodes for microelectrodes with a 0.5 mm bar width.

As shown in Figure 6.9 the same behaviour was observed for the microelectrodes with
1.2 mm bar width. However in contrast with the previous electrodes, the increase of the

permittivity with cell concentration at these microelectrodes was higher.
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Figure 6.9 Permittivity as a function of yeast concentration for microelectrodes with a bar width

of 1.2 mm bar and different gaps in between bars.
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When different microelectrodes with the same distance in between the electrodes but
different bar widths are compared it is observed that the microelectrodes with the wider
bars give higher capacitance readings. This can be seen in Figure 6.10.
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Figure 6.10 Permittivity as a function of yeast concentration for microelectrodes with 0.8 mm

distance in between bars and different bar widths.

In Figure 6.11 it can be seen that when microelectrodes with 0.8 mm of distance in
between bars and different bar widths are compared, the microelectrodes with the wider
bars give higher slopes.
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Figure 6.11 Slope (permittivity / yeast concentration) as a function of microelectrode bar width

for a microelectrode with 0.8 mm distance in between bars.
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Influence of the area exposed for measuring the dielectric properties of cells

In the next set of experiments, microelectrode number 5 (MES5), with a width of 0.8 mm
and a gap of 1.0 mm, was used. Every measurement was done three times and the
results shown are averages. To investigate the effect of the length of the microelectrode
slides with microelectrode design ME5 were covered with insulating tape, but different
areas were exposed by leaving 5, 4, 3, 2, 1, 0.5 and 0 cm from the end uncovered (see
Figure 6.12). Initially only the exposed area was immersed into the suspension.
However, as yeast was added, the liquid volume increased, and the liquid also started to

cover the tape.

Ocm  0.5cm  1lcm 2cm 3cm 4cm 5cm

Liquid level I:l u l .

I

Figure 6.12 Diagram showing how the area of the microelectrodes was initially exposed to the

liquid.

Figure 6.13a shows the permittivity at 465 kHz for different yeast concentrations. The
slopes of the lines are shown in Figure 6.13b. It can be observed that when the area of
the microelectrode exposed is increased the permittivity rises. When the
microelectrodes were totally covered with black tape small changes in the permittivity
values could still be observed as the yeast suspension was added. This indicates that
changes in the capacitance (and volume as the amount of liquid in the beaker increased
as yeast was added) can be detected across the black tape. It also can be observed that
exposure of larger areas corresponds to higher slope values. However, it is not a linear

relation.
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Figure 6.13 MES5 with different areas exposed to the yeast suspension according to the method
shown in Figure 6.12. a) Permittivity as a function of yeast concentration; b) Slope (permittivity

/ yeast concentration) as a function of the length of electrode that was exposed.

When a small area was exposed (0.5-1.0 cm) permittivity readings were sometimes
unstable and could jump within experiments between higher to lower values as shown

in Figure 6.14. This did not happen when larger areas were exposed.
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Figure 6.14 Comparison of three tryouts with MES5. 1cm of the microelectrode was exposed
according to the method shown in Figure 6.12.

6.4 Discussion and Conclusions

The results show that it is entirely feasible to use microelectrodes made using
photolithography from ITO to measure biomass levels using dielectric spectroscopy.
Many of the smaller electrodes generally gave quite small signals, but large signals

could still be obtained with some of the microelectrodes.

Biomass measurements with microelectrodes of different designs clearly indicate in
what direction optimisation of the electrode size should go. The wider the
microelectrode bars were, the higher the capacitance values and slopes; for
microelectrodes with the same width, the closer the bars, the higher the signal. This
correlates well with theory (Schwan, 1957; Olthuis et al., 1995), as the capacitance
signal is inversely proportional to the cell constant d/A. For parallel plates d is the
distance between the electrodes, and A the area of the electrodes. More complex
relations would be expected for other geometries. Despite this, both theory and
experiments indicate that a sensible approach would be to make the distance between
electrodes small, but the width (and length) of the electrodes large to increase the
measured capacitance signal. Large electrode widths would also be beneficial for
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electrode polarisation effects. The use of larger electrode areas would lead to smaller

current densities, and hence smaller levels of electrode polarisation.

Finally, the extent to which the electric field penetrates into the surroundings can be
expected to decrease as the gap between the electrodes becomes smaller. An electric
field that reaches far into a fermenter is more likely to be disturbed by the proximity of
other items such as walls, baffles and stirrers. For this reason also the gap between
electrodes needs to be kept small as a system with a smaller gap between electrodes is
likely to suffer less from interference. Too small gap, however, may possible lead to
irreproducibility as minor events in the gap could have large effects on the signal. Some
optimisation is therefore still needed.
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CHAPTER 7

DEVELOPMENT OF A MICROFABRICATED REFERENCE
ELECTRODE FOR THE SEPARATE MEASUREMENT OF THE
DIELECTRIC PROPERTIES OF SUSPENDED CELLS AND
MEDIUM

ABSTRACT

To measure the electrical properties of cells during fermentation more accurately it was
attempted to measure the electrical properties of the suspending medium without a
contribution by the cells by selectively preventing cells but not medium to reach an
electrode surface. The use of microelectrodes with small distances between the
electrodes would confine the electric field to the area within the gel or behind a
membrane. Microelectrodes were made from indium tin oxide (ITO) on glass with
different electrode widths and distances between the electrodes, and dielectric spectra in
a frequency range 100 kHz to 24 MHz were measured using the Aber Instruments
Biomass Monitor. It was shown that both agar gels and membranes could effectively
keep cells away from the electrode surface, and that the measurement of medium
electrical properties with cell interference was possible. However, the minimum
response time of both systems to step changes in the conductivity was in the order of 3

hours, which is too slow for most practical applications.

7.1 Introduction

To provide for the ever increasing demands for more information during production
processes based on fermentation new technologies are constantly needed to monitor
changes in cell properties as well as those of the suspending medium. Understanding the
interaction between biomass and their environment is of fundamental importance to
gain insight into how cellular systems respond to changes in the medium (Richter et al.,
2007; Bryant et al., 2011).
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Some of the best techniques for studying fermentations are based on impedance
measurements. Impedance measurements involve the exposure of a material to electric
fields. From the relation between voltage and current the electrical properties of the
material can be determined. Of particular interest has been the measurement of the
electrical properties of cell suspensions in the radiofrequencies range as a linear
relationship exists between the low-frequency dielectric increment and the cell
concentration (Schwan, 1957). This has allowed impedance technology to be developed
into a useful technology for measuring biomass levels (Kell et al., 1990; Markx and
Davey, 1999; Asami, 2002; Carvell et al., 2006). The main advantage of this technique
Is that it enables online monitoring and there is no need to label or use any form of pre-
treatment of the cells for the measurement. However, a major disadvantage of this
technique is that polarisation of the electrode can distort the low frequency signal
(Asami, 2002; Krommenhoek et al., 2006). This amount of electrode polarisation is
dependent on the properties and composition of the medium, in particular the
conductivity (see also chapter 5). It therefore would be beneficial to measure the

electrical properties of the medium separate of that of the suspension.

The aim of the work described in this chapter is the development of an impedance
reference probe which is insensitive to biomass. The insensitivity will be achieved by
concentrating the electric field to an area near the electrode surface, and at the same
time preventing cells but not medium from approaching the electrode surface using gels
or membranes. The reference sensor will allow one to measure changes in the medium
composition and electrode polarisation separate from that of the suspension. In addition,
by comparing the signal at the reference probe with that of a standard probe which
measures directly in the suspension improved estimates can be obtained of biomass
levels. Miniature planar interdigitated electrodes can be expected to be particularly well
suited for the construction of the reference probe. Micro-electrode technology has
previously proven useful in monitoring impedance changes of biological samples
(Krommenhoek et al., 2006; Ertl and Heer, 2009). Impedance microelectrodes are
commonly used as medical biosensors (Morin et al., 2005; Marrakchi et al., 2007;
Laczka et al., 2009; Colella et al., 2012) and for the evaluation of microbial growth
(Rodrigues et al., 2004; Krommenhoek et al., 2006; Richter et al., 2007; Gottschamel et
al., 2009), among others. Among the advantages of microelectrodes we can mention

that they are not only inexpensive to manufacture but their design is also simple,
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making it possible to use analytical and mathematical techniques to optimise their
design (Olthuis et al., 1995; Ertl and Heer, 2009; Jungreuthmayer et al., 2012).

7.2 Materials and Methods

Development of a reference electrode

Agar was obtained from Sigma (A7002) and prepared at 10 g/L in deionised water. It
was either simply poured onto the microelectrode surface to different thicknesses, or
poured into a preassembled chamber to a defined height. Membranes were glued onto
chambers covering the microelectrode surface. The membranes tested were: Whatman
Cyclopore Track Etched membrane 7060-4702 0.2um; Millipore Durapore PVDF
GVWP09050 0.22um; Millipore Express Polyethersulfone HPWP04700 0.45um;
Millipore Durapore PVDF DVPP04700 0.65um; Dialysis Membrane Medicell
International Ltd MWCO-12-14000Da. In all the experiments the electrical properties
of pure malt extract medium (20 g/L) was measured first, and then 0.2 g of NaCl was
added. Measurements were taken until the readings were stable. In some experiments it
was attempted to improve diffusion by using acoustic streaming; this was done by
applying ultrasound by applying a 1 MHz 10 Vi« signal to a 2 mm thick PZT
piezoelectric ultrasound transducer using a TG120 Function Generator (Thurlby
Thandar Instruments). Same microelectrodes and dielectric measurement techniques
showed in Chapter 6 were used (See Materials and Methods and Table 6.1). See Figure
7.1.

Figure 7.1 Microelectrode showing the connections to an Amplikon 10 pin connector.
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7.3 Results

Modelling of the electric field distribution around the microelectrodes

The choice of microelectrodes was guided by the expectation that the electric field
would extend less or further away from the electrode surfaces with different electrode
designs. The extent to which the electric field distribution extended was determined by
simulation of the electric field distribution using the finite element software COMSOL
FEMLAB. In Figure 7.2 all the parameters can be seen that were used to simulate the
microelectrodes. The size parameters were changed according to the design of the

individual electrode but the electric potential remained the same.

Electric potential (V):

Water +10 -0.1 +0.1 -10
s>
2mm Glass W D
25 mm

Figure 7.2 Parameters used to simulate the electric field with software COMSOL FEMLAB.
The distance between the electrodes (D) and the width of the electrode (W) were different for all

the electrode designs.

Figure 7.3 shows the calculated distribution of the electric field around the
microlectrodes.
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Figure 7.3 Electric field distributions around microelectrodes, simulated using modelling
software COMSOL FEMLAB.

As can be seen in Figure 7.3, the electric field distribution is different for all the
microelectrodes. For microelectrodes with the same bar width, the electric field is

stronger when the distance in between bars is smaller. For electrodes with wider bars
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the electric field is more extended but weaker. For electrodes with slimmer bars the

electric field is stronger but confined to a smaller area.

ME10 (1.2 mm width/0.5 mm distance in between) and ME7 (0.3 mm width/0.8 mm
distance in between) were selected for the next set of experiments based on the level of
response when measuring permittivity signalling (see Figure 6.5 Chapter 6). ME10 has
wider bars and therefore the electric field extends beyond 3 mm. For ME7 the field is

confined within 3 mm.
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ME10

Figure 7.4 Cross section of ME7 and ME10 showing the strength and extension of the electric

field into the medium.

Microelectrodes covered with agar
Microelectrodes were covered with insulating black tape, leaving 3 cm of the

measurement area exposed to the medium. The electrode surface that was exposed was
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covered with agar gel with different thicknesses (Figure 7.5). It was expected that the
gel would keep cells from the electrode surface, but that ions would still be able to

diffuse through the gel.

u

Figure 7.5 Microelectrode with agar layer.

Yeast was added in increasing concentrations, and the permittivity measured. The
results, for different thicknesses of agar, are shown in Figure 7.6. The slopes of both
ME7 and ME10 can be seen in Figure 7.7. As it was expected, according to Figure 7.4,
the data shown indicate that ME7 stops detecting the presence of cells with a 2 mm

thick agar layer, meanwhile ME10 still senses the cells with 3 mm of agar.
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Figure 7.6 Permittivity as function of yeast concentration for microelectrodes with different agar
layer thicknesses. a) ME10 (1.2 mm electrode width/0.5 mm distance in between electrodes); b)

ME7 (0.3 mm electrode width/0.8 mm distance in between electrodes).
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Figure 7.7 Slope of permittivity as a function of yeast concentration as a function of the agar
layer thickness for a) ME10 and b) ME?7.

The next step was to measure changes in the electrical properties of the medium. This
was achieved by adding NaCl to the malt extract to change the conductivity. During
initial experiments it was found that, when changing the medium conductivity, the agar
layer often readily came off. An improved chamber was therefore created which a
chamber with a plastic mesh to prevent the agar layer from coming off, this can be seen
in Figure 7.8. ME1 (0.5 mm electrode distance, 1.2 mm bar width) was used in this

experiment.
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Figure 7.8 Microelectrode with Teflon chamber with mesh to prevent agar layer to come off.

The chamber was filled with a 3 mm agar layer and covered with the plastic mesh. An
agar thickness of 3 mm was selected based on previous results (Figure 7.7) that showed
that with an agar layer of 3 mm as thickness the presence of cells in the suspending
medium cells was barely sensed or not sensed at all. First the conductivity of 500 ml
malt extract solution (20 g/L) was measured for 1 h, and then 0.2 g of NaCl was added.
The experiments were repeated without an agar layer. The results of these experiments

can be seen in Figure 7.9.

------ Ommagar layer - 3mmagar layer

Conductivity at 465 kHz
mS/cm)

2.65

Time (hrs)

Figure 7.9 Conductivity as function of time for microelectrode number ME1 with and without
agar layer.
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It can be observed that when NaCl was added the conductivity went up immediately
when no agar was present, but in the presence of 3 mm of agar layer it took over 3 hours
for the conductivity signal to stabilise. This can be expected to be too long for practical

purposes. Further analysis with different agar concentrations should be done.

Microelectrodes covered with a membrane

Another set of experiments was done using different membranes to prevent the cells
from coming near to the microelectrode surface. Many different designs of chambers
were made and tested. The most useful and practical design was found to be a
polycarbonate chamber into which a glass slide with microelectrodes could be inserted,
as can be seen in Figure 7.10. The chamber had an orifice where the electrode surface
was exposed. The membrane was glued to this area with silicon rubber. An alternative
design was also made in which an ultrasound transducer was connected to the outside of
the polycarbonate chamber, as shown in Figure 7.10a. It was expected that the fluid
flow induced by the ultrasound would induce mixing of the fluid inside the chamber,

speeding up the transfer of ions from the membrane surface to the electrode surface.

Figure 7.10 Chamber with membrane a) standard chamber without ultrasound and b) chamber
with ultrasound.

The first set of experiments was done as control experiments, using an electrode of
design ME9. Conductivity measurements were taken in malt extract (20 g/L) for 30 min
with just a microelectrode. Following this, 0.2 g of NaCl was added and measurements

were continued for 1 hour. The next control experiment was done with the
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microelectrode inserted into a polycarbonate chamber without any membrane. No
ultrasound was used. After 30 minutes of taking readings of the malt extract, 0.2 g of
NaCl was added, and measurements taken for a further hour. In the last experiment
measurements were first taken with the microelectrode in a chamber without a
membrane for half an hour (no ultrasound). The ultrasound was then put on and
measurements taken for another 30 minutes. Then 0.2 g of NaCl was added and the

conductivity measured for 1 hour. The results can be seen in Figure 7.11.
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Figure 7.11 Conductivity as function of time for microelectrode ME9 on its own, ME9 inserted
into the polycarbonate chamber without ultrasound, and ME9 inserted into a polycarbonate

chamber with an ultrasound transducer. No membranes were used in these experiments.

The results indicate that the presence of a chamber reduced the conductivity, but does
not affect the overall response to changes in the conductivity. The results also indicate
that subjecting the setup to ultrasound at first leads to a change in the measured
conductivity, but that the signal eventually stabilises. Addition of NaCl is readily

detected, even in the presence of ultrasound.

In the next set of experiments different membranes were tested. The membranes were
glued to the polycarbonate chamber, pure malt extract medium was added inside the

chamber, and the chamber with the microelectrode and the membrane placed inside
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malt extract. After 1 hour the conductivity of the medium 0.2 g of NaCl was added and

the conductivity followed for 2 days. The results can be seen in Figure 7.12.
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Figure 7.12 Conductivity as a function of time for microelectrode number ME9 and
polycarbonate chamber with membrane. 0.2 g of NaCl added and the conductivity measured
over 2 days. Different membranes were used to separate cells and medium. No ultrasound was

applied.

The results show that when a membrane is used to keep cells from the electrode surface
and no ultrasound is applied the time for the microelectrode to sense the changes in the
media and reach stabilization is around 10 hours. This is much too long for practical

purposes.

In the next set of experiments the conductivity of malt extract was measured for 30
minutes, then the ultrasound was put on and the conductivity of the malt extract
measured for another 30 minutes, and then finally 0.2 g of NaCl was added. Results are

shown in Figure 7.13.
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Figure 7.13 Conductivity as function of time for microelectrode number ME9. Different

membranes were used to separate cells and medium. Ultrasound was applied.

It can be seen that when a membrane was used to separate cells and medium, and
ultrasound was applied, it took 3 to 4 hours for the signal to stabilise after a change in
the medium composition. This is less than without ultrasound but comparable with the
response time of a gel-based system. In addition, the use of ultrasound causes noise in
the signal as well as shifts in the conductivity value. This makes the use of membranes
to separate cells from medium at an electrode surface less promising than gel-based

systems.

7.4 Conclusions

The experiments have shown that it is possible confine the electric field emanating from
a set of electrodes to an area close the electrode surface by decreasing the gap between
the electrodes. The experiments have also shown it is possible to use gels and
membranes to prevent cells from moving to the area near the electrode surface whilst
still allowing medium to pass. This allows the measurement of the dielectric properties
(capacitance and conductance) of the suspending medium separate from that of the cell
suspension. The presence of a gel or membrane on the electrode surface however does

significantly increase the response time of the system. A gel-based system appears to be
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better than a membrane-based system as the response time was faster; indicating the
flux through the gel is larger than through the membranes. Further optimisation of gel
properties (in terms of sterilisability, mechanical strength and permeability) and

microelectrode design and gel layer thickness is still needed.
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CHAPTER 8

COMPARISON BETWEEN DIELECTRIC AND OPTICAL
BIOMASS MONITORING TECHNIQUES

ABSTRACT

A comparison was made between the model 220 Biomass Monitor from Aber
Instruments Ltd, which measures biomass levels using dielectric spectroscopy, and the
new BE2100 “BugEye” biomass monitor from BugLab Inc which measures biomass
optically. The biomass monitors were tested with various different cell types including
bacteria (Micrococcus luteus) microalgae (Nannochloropsis oculata, Chlorella
vulgaris) and yeast (Saccharomyces cerevisiae). Also, the effect of various interferents

(salt, dyes, non-cellular particles, agitation, and temperature) was assessed.

8.1 Introduction

Biomass is one of the most important parameters during fermentation (Soley et al.,
2005; Krommenhoek et al., 2006), but also one of the most difficult to measure
(Maskow et al., 2008). Conventional off-line methods for measuring biomass, such as
cell wet or dry weight measurements are basically manual, time consuming, requiring
large sample volumes for accuracy, with a complicated operation and carry a large risk
of sample contamination. Also at laboratory scale, the removal of samples could
produce the disturbance of steady state conditions when for example the volume
changes when samples are taken. To overcome these problems various technologies
have been developed which can be used for monitoring of cell concentration on-line and

often in real-time. These on-line technologies can be classified as indirect and direct.

Indirect techniques involve the measurement of metabolic activities of the cells such as
oxygen uptake, carbon dioxide production, changes in the media and production of
metabolites among others and correlating these measurements with biomass levels.

These methods are challenging because one needs to know exactly which activities are
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due to the cell activity and at what levels, otherwise the results will be far from reliable.
Direct techniques measure biomass levels — as the names implies- directly, usually on
the basis of a physical phenomenon. Most of the direct measurement techniques are real
time. Among the technologies used to measure the biomass concentration directly are
optical techniques, acoustic resonance, nuclear magnetic resonance (NMR)
spectroscopy, flow cytometry (FCM), fluorescence, real-time imaging, densitometry,
particle size analysis and dielectric spectroscopy (Bellon-Maurel et al., 2003; Ferreira et
al., 2005; Sandnes et al., 2006).

It is generally expected that on-line sensors should be highly reliable under a wide range
of industrial and laboratory applications and fulfil all the requirements in terms of cost,
sterilisability and ease of use. A low contamination risk should be associated with their
use, and it is generally expected that they are easy to interface and that they are supplied
with user-friendly and versatile software. ldeally sensors would also be to be able to
work with a wide range of cell types including yeasts, fungi, bacteria, animal and plant
cells over a wide range of cell concentrations. Biomass sensors based on optical effects
or dielectric spectroscopy are the ones that fulfil most of these requirements, and will be

discussed here.

Optical sensors for biomass include devices based on light absorption, turbidimetry,
scattering, transmission, reflectance, fluorescence among others (Salgado et al., 2001;
Griffiths et al., 2011). These techniques are very useful for measuring biomass levels in
cell suspensions as long as the medium is clear without suspended non cellular particles.
Among the manufacturers that offer optical biomass sensors for use in fermentation we
can mention Ocean Optics (www.oceanoptics.com), Bfi Optilas (www.bfioptilas.com),
Svanholm (www.svanholm.com) and Laboratory Equipment
(www.laboratoryequipment.com) among others. To avoid the risk of sample
contamination the optical sensors need to be designed with sterilization in mind, along
with the prevention of drift due to growth of cells on the sensor. The range of biomass
that can be sensed with optical sensors is often quite limited. A non-linear response is
often observed in optical biosensors because of saturation effects as the cell
concentration increases. Optical sensors that use infrared work typically are based on
the absorption of infrared radiation at different wavelengths. Depending on the
application the infrared absorption could be at near infrared range (0.7-2.5 um) and

mid-infrared range (2.5-25 pm). Mid-infrared spectroscopy is more sensitive to
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molecular traces but more suitable for off-line applications whereas near-infrared is
only sensitive to the presence of major compounds and is more suitable for on-line
applications (Salgado et al., 2001; Bellon-Maurel et al., 2003; Krafft et al., 2003;
Pacifico et al., 2003; Petiot et al., 2010).

The measurement of biomass using dielectric spectroscopy is based on the frequency-
dependent increase in the suspension permittivity by the presence of cells, caused
mainly by the accumulation of charges at the boundaries between the cell membrane
and the cytoplasm/cell wall/suspending medium. The major manufacturers of biomass
monitors based on dielectric spectroscopy for use during fermentations are Aber
Instruments  (www.aber-instruments.co.uk) and Fogale (www.fogale.fr). Both
instruments are very similar. Both devices use a 4-electrode system in which the
sterilisable sensor has to be inserted through a port into the fermentation broth. The
technique suffers from interference by electrode polarisation which becomes worse at
high medium conductivities, which can vary significantly between and even during
fermentations (a technique based on inductive permittivity measurement which did not
suffer from electrode polarisation was once available commercially from Hewlett-
Packard but has since been abandoned). The technique is also not very sensitive to low
concentrations of cells, and gives a much lower signal when the cell size is small
(Carvell and Dowd, 2006). Linearity, however, is excellent over a very large range of
concentrations (Davey et al., 1992), and the technique has as a result being proven
particularly useful in controlling the pitching of yeast in breweries. (Boulton et al.,
1989). The technique has been proven to work with a large variety of cell types, and is
relatively insensitive to non-cellular materials (Harris et al., 1987; Kell et al., 1990;
Siano, 1997; Markx and Davey, 1999; Asami et al., 2002).

Recently, a new non-invasive optical biomass monitor has been developed by Buglab
Inc, the BugEye BE2100 (Figure 8.2). To date the device has not been described in the
scientific literature, but literature provided by the company on its website
(www.buglab.com) claims it is able to measure biomass levels over a wide
concentration range similar to that of the Aber or Fogale Biomass Monitors. Although
its mode of action is only cursorily described on the company website, the sensor
appears to be based on the scattering of infrared laserlight. The BugEye system was
designed for use in both research and industrial environments. It consists of an optical

sensor head and a monitor. The sensor has to be secured to the outside of the glass
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vessel or to the glass viewing port of a stainless steel vessel with. Since no immersion is

required, the need for sensor sterilization is eliminated.

The objective of this work was to evaluate the BugEye Biomass Monitor and compare

its performance with that of the Aber model 220 Biomass Monitor.

8.2 Materials and Methods

Cells

Chlorella vulgaris was a gift from E. McEvoy, EPS School, Heriot-Watt University. It
was grown in 3N-BBM+V medium (Bold basal medium
(https://Incma.bigelow.org/node/71) with 3-fold Nitrogen and vitamins; modified) at 20
°C for 1 month previous to the experiment in a 2 L culture flask without agitation with
12 h light and 12 h dark regime. The algal culture was concentrated by decantation and
the biomass concentration was measured off-line to be 0.03626 g DW / ml using dry

weight technique.

Nannochloropsis oculata was grown in the SAMS laboratories in Oban. It was grown in
2 L artificial sea water medium (f/2) for 20 days at 20 °C with 16 h of light and 8 h dark
in 10 L cultures (Carbuoys). Sterile air was bubbled through the culture from the bottom
through a 0.2 um filter. The final algal concentration in the culture was determined to be
37,653 cell/ml using hemocytometer counting. The algal suspension was centrifuged for
10 min at 4500 g and resuspended in centrifuged medium in a final volume of 150 ml,
obtaining a suspension with a final concentration of 0.5x10° cell/ml.

Micrococcus luteus was a gift from M. Winson, School of Life Sciences, Heriot-Watt
University. It was cultured in an orbital shaker (200rpm) at 21 °C in 15 conical 250 ml
flasks, each with 100 ml medium (nutrient broth no.1 for microbiology, Sigma-Aldrich,
20 g/L) for 4 days. The cultures were centrifuged at 4500 g for 5 min and resuspended
with the same centrifuged medium to a final volume of 150 ml. The dry weight of the

concentrated suspension was measured to be 0.2625 g/ml.

High activity, pressed baker’s yeast (S. cerevisiae) was obtained from DCL craftbake,
stored at 0-4 °C for a maximum of 12 days. 100 g of pressed yeast was resuspended
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with malt extract (Oxoid Ltd, 20 g/L) to a final volume of 150 ml to obtain a thick
suspension with 7x10° cells/ml.

Non-cellular material

For grist experiments, 100 g of malted barley was crushed in a disc mill at mesh number
7 (0.7 mm particle). Grist (ground malt) was added (2 g of grist was added 10 times at
15 minutes intervals) to 1.5 L of malt extract. For salt experiments, NaCl salt from
Sigma-Aldrich was used. A red food colouring stain (Super Cook, Tesco, UK) was used
for dye experiments. An air diffuser was placed inside 1.5 L of a solution of malt extract
and air pumped through in order to observe the impact of the bubbles on the optical and
dielectric sensors. Temperature was risen using a hot plate (Corning Inc.).

Biomass measurements
Optical measurements
The Buglab (Bug Eye model BE2100) was used to measure biomass levels optically
(see Figure 8.2). The Biomass Monitor consisted of an optical sensor head and a
monitor. The sensor head was strapped to a magnetically stirred beaker for the
measurements. 15 min were allowed for the biomass monitor to reach stability

measuring the media at the beginning of each experiment.

Figure 8.1 Experimental set up showing the Buglab BE2100 optical sensor.

The sensor of the BugEye employs an array of infrared lasers and detectors and it is
based on optical reflectance with a detector for multiple source separations. Light from

each of the lasers is scattered by the cells or microorganisms, creating “glow balls” of
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monochromatic light. The intensity and size of the glow balls are dependent on the
biomass within the culture. As the biomass level grows the intensity of the glow will
increase and the size of the balls will reduce. The sensor is arranged so as it is able to
determine the level of the biomass present by combining the information on both the
size and intensity of the glow. The optical biomass monitor is able to detect biomass
levels from less than 0.1 to more than 300 OD units. The sensor can be secured to the
outside of a glass vessel or can be secured to any kind of vessel with a glass viewing

port. Since no immersion is required, the need for sensor sterilization is eliminated.
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Figure 8.2 The BE2100 non-invasive biomass monitor by Buglab.

The BE2100 biomass monitoring system includes software which allows tracking the
progress of the experiments in real time. The software has an event-marking tool to help
keeping the track of different events during the run. The output of the optical biomass

monitor works are arbitrary raw “bug units”.

Dielectric spectroscopy

An Aber Biomass Monitor model 220, connected to a PC with Aberscan software
version 2.2 (Aber Instruments, Aberystwyth, UK) was used for comparison (Figure
8.1). For each measurement the Biomass probe was inserted directly into the suspension

in a magnetically stirred beaker.

In all experiments, the response of the BugEye Biomass Monitor and the Aber

Instruments were recorded simultaneously in the same sample.
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8.3 Results and discussion

Yeast

The first set of experiments was done with baker’s yeast. S. cerevisiae cells are round to
ovoid shaped, 5-8 pum in diameter. 15 ml of yeast suspension (7x10° cells/ml) was
added to 1.5 L of malt extract 10 times every 15 min. The result of the measurements
with the BugEye, shown in Figure 8.3, showed a near linear increase in the BugEye
signal with increasing cell concentration. The slight drop in the BugEye output around a
yeast concentration of 0.3x10° cells however was consistent and reproducible. The
signal from the Aber model 220 Biomass Monitor (Figure 8.3b) was similar, but did not

have the consistent drop at low cell concentrations.
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Figure 8.3 a) Raw bug units as function of yeast concentration (S. cerevisiae). b) Permittivity at

1121 kHz as a function of yeast concentration. Error bars showed in both results.
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Algae

Two different types of algae were evaluated, a marine alga (N. oculata) and a fresh
water alga (C. vulgaris). Both algae are economically relevant for the production of
biofuels and in the food industry. C. vulgaris is a fresh water green alga which is
spherical in shape with a diameter of 2-10 um. N. oculata is a marine alga with cells

with a round shape, 2—-3 um in diameter.

The results of the measurement of biomass levels of N. oculata with the BugEye optical
sensor are shown in Figure 8.4a. Although lower signals overall were obtained with N.
oculata compared to the measurements with yeast, the concentrations of the algae used
were also much lower. Assuming one CFU equals one cell, the signal for algae was
approx. 1.6x10™ raw bug units per cell per ml, whilst for yeast it was 1x10” raw bug
units per cell per ml. The algae therefore gave a higher signal per unit (cell), despite the
fact that the cell diameter of the algae was smaller than that of the yeast. Further study
clearly should be done to evaluate the impact of cell size and shape and other factors on

optical signal levels.

The measurement of biomass levels of N. oculata with dielectric spectroscopy has
already been discussed extensively discussed in chapter 5. Measuring the biomass levels
of marine algae presents a challenge for dielectric spectroscopy due to the high salinity
of the medium, and the small size of the cells. This is clearly demonstrated in Figure
8.4b, where the dielectric increment actually decreases as a function of algal cell
concentration. In comparison the measurement with the optical sensor measurement of

biomass of microalgae was straightforward.
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Figure 8.4 a) Raw bug units and b) Permittivity as function of algal concentration (N. oculata).

Error bars showed in both results.

Results obtained with the freshwater alga C. vulgaris can be seen in Figure 8.5.
Measurements with the optical biomass monitor were straightforward, giving a strong
signal with high linearity Because the medium conductivity is lower the measurements
with the dielectric monitor are better than those obtained with the marine microalgae;
however because of the small cell size the dielectric signal was small and the noise in
the signal large. As a result the linearity still needs to be improved. Further study should

be done about the impact of cell size in permittivity signal.
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Figure 8.5 a) Raw bug units and b) permittivity as function of algae concentration (C. vulgaris).

Error bars showed in both results.

Bacteria

M. luteus is an aerobic, Gram-positive, spherical bacterium with a diameter of 0.5-1 um
diameter. Results of the measurement with the optical probe and the dielectric probe can
be seen in Figure 8.6. Bacteria have always presented a challenge for dielectric
spectroscopy because of the small diameter of the cells. Not surprisingly, data obtained
with dielectric spectroscopy showed a lot of noise (Figure 8.6b). However, for the
optical biomass monitor the measurement was straightforward, and data showed little
noise (Figure 8,6a). Again, a reproducible deviation from linearity was observed at
lower cell concentrations, now around a concentration of 0.01 g dry weight/ml, with a

noticeably higher signal when no cells are present.
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Figure 8.6 a) Raw bug units and b) permittivity as function of bacterial concentration (M.

luteus). Error bars showed in both results.

Non-cellular material: Ground malt (grist)

The presence of non-cellular particles in the medium can interfere during biomass
measurement; both in optical as well as dielectric measurements (see also chapters 3
and 4 in this thesis). Results with grist are shown in Figure 8.7. The malt extract itself
was quite cloudy, indicating it contained a significant amount of particulate material,
and pure malt extract itself already gave a strong optical signal. The addition of grist
resulted in a significant increase in the optical signal. Apart from the lower
concentrations, the signal appears to be linear with grist concentration. In contrast to the
optical measurements, the presence of grist particles had little effect on the permittivity

signal (Figure 8.7D).
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Error bars showed in both results.

Salt

The effect of the addition of salt on the dielectric biomass monitor was discussed
extensively in chapter 6. The effects are large, especially at the low frequencies, but can
be compensated for. To investigate the effect of the addition of salt on the signal from
the BugEye optical biomass monitor NaCl salt was added in small aliquots to 1.5 L of
water. As can be seen in Figure 8.8 the additions of salt has little effect on output of the
optical biomass monitor. At concentrations up to 0.012 g/ml there was no effect, and at

higher salt concentrations the effect was very small compared to the signals that can be

expected from cellular particles.
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Figure 8.8 Raw bug units as function of salt (NaCl) concentration.

Dye

A red food colouring stain (Super Cook, Tesco, UK) was added to deionised water and
the response of the optical sensor observed. Results, shown in Figure 8.9, show that the
presence of the dye has no influence on the optical signal. The effect of the dye on the

dielectric signal was not measured, but was expected to be nil.
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Figure 8.9 Bugeye output as a function of the concentration of red food colouring.
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Temperature
In the next set of experiments, the temperature of a solution of malt extract was
increased gradually from 22 °C to 80 °C. The results can be observed in Figure 8.10.

Changes in temperature produced only a small rise in the signal of the optical sensor.
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Figure 8.10 a) Raw bug units, b) permittivity and ¢) conductivity as a function of temperature.

152



Results obtained with the dielectric monitor were similar. Changes in temperature
resulted in only small changes in the permittivity levels. However, changes in the levels

of conductivity were large as expected, as can be seen in Figure 8.10c.

Bubbles
As can be observed in Figure 8.11 an increase of the air throughput had some but no
major effect on the output of the optical sensor. However, the dielectric sensor showsa

decrease in permittivity values.
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Figure 8.11 a) Raw bug units and b) permittivity as a function of air volume.
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8.4 Conclusions

The comparison of the optical and the dielectric sensor biomass sensors showed that
each of them has its advantages and disadvantages. The linearity of the optical sensor
was less good compared to that of the dielectric biomass monitor, especially at the
lower concentrations. However, reproducibility of the optical signal was good, pointing
to the possibility of calibrating the response for non-linearities. The sensitivity of the

optical probe was generally better than that of the dielectric probe.

The effect of cell size on the signal from the optical sensor was not clear, and further
experiments need to be done on this. However, the experiments with different cells
types showed that the optical sensor is capable of sensing cells with very different cell
sizes with ease. In contrast, the increment of the permittivity is well known to be a
direct function of the cell size. For a given cell concentration a large cell gives a much
larger dielectric increment. The result was that the dielectric monitor showed much
better results when larger cells such as yeast were used in the experiments than if
smaller cells were used such as bacteria. These can be noticed by the comparison of the

error bars showed in the charts.

For small cells in a high conductive medium such as N. oculata, the optical sensor gave
better results than the dielectric sensors since it is capable of sensing small cells without
any major interference from the medium conductivity. In contrast, cells with a small
diameter dispersed in a highly conductive medium present a big challenge for the

dielectric monitor.

Neither probes were significantly affected by the presence of dyes, bubbles or changes

in temperature.

Where the dielectric monitor played to its strength is when it comes to selectivity. The
optical technology measures the presence of particles, - any particle essentially, as long
as it reflects light. The dielectric sensor in contrast is quite selective, and the dielectric
signal is mainly determined by the concentration of material enclosed by an intact (cell)
membrane. This was clearly seen in the experiments with grist, and also in experiments

with malt extract, in which the optical sensor responded strongly to the presence of non-
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cellular particles, whilst response of the dielectric monitor to these materials was

minimal.

Noise levels demonstrated by the dielectric biomass monitor were often quite higher
than those from the optical sensor as it can be seen comparing the statistical error bars

showed in all the charts.

Finally, it should be noted that because of its non-selectivity the optical sensor measures
the total amount of biomass- necromass as well as viable cells- whilst the dielectric
signal is much stronger for viable cells than for non-viable cells. This effect will be
further explored in chapter 9.
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CHAPTER 9

EVALUATION OF METHODS FOR THE ON-LINE AND REAL
TIME MEASUREMENT OF CELL VIABILITY USING
DIELECTRIC SPECTROSCOPY

ABSTRACT

Dielectric spectroscopy has been used extensively for measuring changes in the biomass
levels during fermentation. Both viable and (to a lesser extent) non-viable biomass
contribute to the overall dielectric signal, but to date it has not been demonstrated that it
is possible to separate their relative contributions. Methods are explored by which the
relative contributions of viable and non-viable cells to the overall permittivity signal
could be separated. It is shown that viability can be estimated most accurately by
combining the dielectric signals with other another on-line (optical) biomass

measurement technique which is independent of cell viability.

9.1 Introduction

Biomass is one of the most important parameters during fermentation, and measurement
of changes in biomass can greatly assist PAT-based systems for monitoring and
controlling cell-culture based production processes (Carvell and Dowd, 2006; Justice et
al., 2011). Preferably this would be done on-line and in real time, rather than off-line. A
variety of techniques have been developed for measuring the biomass concentration on-
line and in real time during fermentation including acoustic resonance, nuclear magnetic
resonance (NMR) spectroscopy, optical methods including fluorescence and, optical
density / turbidity measurements and real-time imaging, and dielectric spectroscopy
(Sarra et al., 1996; Salagado et al., 2001; Bellon-Maurel et al., 2003; Sandnes et al.,
2006; Kivijarju, 2008; Griffiths et al., 2011; Hocalar et al., 2011; Ronnest et al., 2011).
However, in practice it is not only the cell concentration that is important, but also their

viability. The direct measurement of viability on-line to date has been difficult, though
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some success has been achieved mainly with light-based methods (Li et al., 1991; Wei
et al., 2007; Tibayrenc et al., 2011). Dielectric spectroscopy, however, could give
information about both cell concentration and viability (Davey et al., 1993; Carvell and
Dowd, 2006).

Dielectric spectroscopy involves measurement of the dielectric polarisation of a material
when it is exposed to an AC electric field of different frequencies (Maxwell, 1873). The
measurements give information about the storage and loss of electric field energy in the
material, expressed as the respectively the permittivity and conductivity of the material.
When the material being measured contains cellular material the presence of a cell
membrane around the cell’s cytoplasm causes interfacial polarisation to occur which
takes the form of a dispersion i.e. a gradual increase in the permittivity and a decrease in
the conductivity from high to low frequencies. Typically this dispersion (the so-called
B-dispersion) takes place in the frequency range 10 kHz-100 MHz, with a characteristic
frequency around 100 kHz-1 MHz, depending on the cell type. (Pethig and Kell, 1987;
Asami, 2002) The rise in the permittivity from high to low frequency can be described
by (Schwann, 1957; Harris et al., 1987):

Ae = %P r Cn (9.1)

In which Ag is dielectric increment, P is the volume fraction of membrane enclosed
biomass, r is the cell radius (or its equivalent sphere), and C,, is the membrane
capacitance. Equation (9.1) indicates there is a linear relationship between the dielectric
increment and cell concentration. This relation has been shown to be valid for many
different cells types, including bacteria, yeasts, moulds and other microorganisms, as
well as animal and plant cells, and dielectric spectroscopy is now one of the most used
technologies is for measuring cellular biomass (Kell et al., 1990; Markx and Davey,
1999; Ferreira et al., 2005; Ansorge et al, 2010a&b). As shown by Schwann (1957), and
elaborated by Harris et al., (1987); both the permittivity and conductivity can give
information about biomass levels. Because large changes can occur in the medium

conductivity during many fermentations, the permittivity signal is usually preferred.

For equation (9.1) to be valid the assumptions are made that the cells are completely
surrounded by a thin intact plasma membrane which has a low conductivity relative to
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that of the cytoplasm and the suspending medium. Whilst that is normally true for
viable cells with intact membranes, this situation changes when a cell dies. Cell death is
accompanied by many changes in the dielectric properties of the cells (Huang et al.,
1992; Patel and Markx, 2008). Although the changes that occur in the cells dielectric
properties depend on the manner and timing of cell death and the extent of cell damage
(Patel and Markx, 2008), when cell death is advanced most commonly permeabilisation
of the cell membrane is observed leading to changes in the membrane capacitance and
conductance as well as changes the internal conductivity due to an increased exchange
between the cytoplasm and the surrounding medium. The overall result is that a massive
drop occurs in the dielectric increment, though some residual signal typically remains
(Stoicheva et al., 1989; Patel et al., 2008). Whilst this drop can and has been used for
measuring changes in cell viability when the initial cell concentration is known
(Stoicheva et al., 1989), the technique still poses a problem both the cell concentration
and the cell viability are unknown. In this paper we will investigate why this is, and
point to some methods that may be used to overcome this problem.

9.2 Materials and methods

Cells

High activity, pressed baker’s yeast (Saccharomyces cerevisiae) was obtained from
DCL craftbake and stored at 4°C for a maximum of 12 days. 100 g of pressed yeast was
resuspended with malt extract (Oxoid Ltd, 20g/L) to a final volume of 150 ml to obtain
a thick suspension of 7x10° cells/ml for further dilution. To obtain a suspension of non-
viable cells a yeast suspension was prepared in a similar way and immersed in a water
bath at 85°C for 1 hr. Cell viability was tested using methylene blue staining (Gurr,
1965). The viability of fresh yeast was tested before each experiment, and was not less

than 98%; no viable cells could be detected in the heat-killed yeast suspension.

Dielectric and optical biomass measurements

For the experiments a setup was used as shown in Figure 9.1. Suspensions with constant
cell concentrations and different ratios of viable and non-viable were made by mixing
suspensions of fresh viable yeast cells with suspensions containing heat-killed non-
viable cells. Small aliquots (15 ml) of the yeast suspension were added to a
magnetically stirred medium in a 1 litre beaker with 500 ml water containing malt
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extract (Oxoid) 20 g/L and NaCl 2 g/L. The overall conductivity was 3.5 mS/cm at 1121
kHz. The probe of the dielectric sensor system was immersed in the suspension during
measurement. The optical sensor was able to measure through the wall of the beaker
and no immersion of the optical sensor was required (see Figure 9.1). Although work
with both the dielectric and optical techniques could have been done under sterile
conditions, due to the short nature of the experiments no attempt was made to work
sterile. All data were corrected for dilution effects.

Figure 9.1 Experimental set up showing the Aber biomass monitor (left) and the Buglab
BE2100 optical sensor (right).

A Aber Instruments Biomass Monitor model 220, shown in Figure 9.2, with a 1.2 cm
diameter 30 cm long annular probe, connected to a PC with Aberscan software version
2.2 (Aber Instruments, Aberystwyth, UK) was used for recording the dielectric
frequency spectra. The freerun option was used to measure the capacitance and
conductance of the cell suspension at 25 frequency points distributed over the frequency
range 0.1 to 20 MHz. One spectrum was measured every 10 seconds, and then an
average spectrum was calculated from the data from 30 spectra. All spectra were
automatically corrected for electrode polarisation. The Aber Instruments Biomass
Monitor also automatically corrects for differences in cell constants between probes,
and all data are given as pF/cm, i.e. capacitance x cell constant (in cm™).
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Figure 9.2 Biomass monitor model 220 from Aber Instruments.

The BE2100 “BugEye” optical Biomass Monitor from BugLab Inc (USA), shown in
Figure 9.3, had an optical sensor head which could be secured to the outside of a glass
vessel or glass viewing port. Data were logged using software supplied with the
instrument. The range of biomass levels that can be detected is comparable to that of the

electrical biomass monitor, i.e. 0.1 to 300 OD units.

BE|2100 g
Big
| Mon: igyt peatle

Figure 9.3 The BE2100 non-invasive optical biomass monitor from BugLab Inc.
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Fitting procedure

Measurements were taken at different frequencies f;. By taking measurements on
suspensions with either 100% viable or 100% non-viable cells at a known cell
concentrations Px (viable cells) or Py (non-viable cells), proportionality constants Ky;
(for viable cells) and Ky; (for non-viable cells) can be determined similar to the molar

absorptivity in spectrophotometric measurements (Blanco et al., 1989; Harris 2007).

Kxi = (exi - €0i)/Px (9.2)
and
Kvi = (evi- €0i)/Py (9.3)

in which & IS the permittivity at frequency i of a suspension of 100% viable cells at cell
concentration Py, and &y; is the permittivity at frequency i of a suspension of 100% non-
viable cells at concentration Py. g is the permittivity of the background at frequency i.
Assuming linearity, the overall (calculated) permittivity ¢ of a mixture of viable and

non-viable cells at frequency i can be calculated by
gic = €0i + Kxi Pxc + Kyi Pyc 9.4)

in which Py is the calculated concentration of 100% viable cells (in cells/ml) and Py,
the calculated concentration of 100% non-viable cells (in cells/ml) in the mixture.
Suspension permittivities ¢ were then obtained at different frequencies f; for different
total cell concentrations and culture viabilities. Data were fitted to equation (9.4) and
(9.5) using Excel Solver as described in Harris (2007) by minimising the distance
between calculated (eic) and measured (e;) values of the suspension permittivity for

different frequency combinations and values.

fﬂ
D (& —&,)* = minimal (9.5)
fl
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9.3 Results and discussion

In the first set of experiments yeast suspensions of viable and non-viable cells were
added to the medium. Figure 9.4 shows in a) the spectra of suspensions of viable yeast

cells at different concentrations, whilst b) shows the spectra of non-viable cells.
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Figure 9.4 Permittivity as a function of frequency for a suspension of a) fresh yeast; b) heat-
killed yeast. 15 ml of yeast cell suspension (7x10° cells/ml) was added ten times every 5 min to

a starting volume of 500 ml. All data were corrected for dilution effects.

The viable cells show spectra with a dispersion with a characteristic frequency (fc) of
1900 kHz. The non-viable cells show spectra with a dispersion with a much lower
characteristic frequency of 400 kHz. Both the spectra of the viable and non-viable cells
have low-frequency plateaus which depend linearly on the concentration of cells, but a
much higher permittivity is obtained with viable cells (around 28 pF/cm per 10° cells/ml

at the plateau) than non-viable cells (around 6 pF/cm per 10° cells/ml).
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The data indicate that linear relations exist between cell concentration and dielectric

increment for both viable and non-viable cells. This is further confirmed in Figure 9.5.
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Figure 9.5 Permittivity and best fit as a function of cell concentration for a) 100% viable cells;
b) 100% non-viable cells. For clarity only selected frequency data are shown.

In the next set of experiments spectra were obtained of cell suspensions with the same
cell concentration but with different ratios of viable and non-viable cells. Figure 9.6
shows spectra for the highest total cell concentration (of both viable and non-viable
cells) used.
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Figure 9.6 Permittivity spectra of suspensions of with the same final concentration (1.62x10°

yeast cells /ml) and different culture viabilities.

The relation between the permittivity at 1121 kHz and the total cell concentration for
suspensions with different cell viabilities is explored in Figure 9.7. Similar results were
obtained at all other frequencies.
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Figure 9.7 a) Permittivity at 1121 kHz as a function of yeast concentration for suspensions with
different cell viabilities. b) Slope (permittivity at 1121 kHz divided by cell concentration) for

yeast suspensions with different cell viabilities.

The fact that viable and non-viable cells show dispersions with characteristic
frequencies that are quite distinct (400 and 1900 kHz, respectively) led us to explore the
possibility to separate the signals from viable and non-viable cells on the basis of the
frequency dependence, in the same way that the composition of solutions of mixtures of
light absorbing compounds can be determined from their overlapping spectra, provided
that the a) there is a linear relation between absorbance and concentration, and b) the
absorbance of the solution at any wavelength is the sum of the absorbances of all the
species in the solution (Blanco, 1989; Harris, 2007).
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First, from previous experiments with baker’s yeast proportionality constants between
the dielectric increment and cell concentration were determined for viable and non-

viable cells at different frequencies. Results are shown in Figure 9.8.
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Figure 9.8 Proportionality constants between the dielectric increment (Ae in pF/cm) and cell

concentration (AP in 10°cell/ml) for a) viable and b) non viable cells at different frequencies.

Mixtures were then made with different but known cell viabilities and total cell
concentrations, and dielectric spectra recorded. Following this it was attempted to fit the
data to equation (9.4), using Excel Solver, with viable cell concentration Py, and non-

viable cell concentration Py, as the two unknowns.

Different numbers of frequency points and different combinations of frequencies were
used in the fitting procedure, but optimal results were obtained using three frequencies
(125, 374 kHz and 8 MHz). 125 kHz corresponds to the frequency at which the
dispersions of both viable and non-viable cells have reached their low frequency
plateau; 374 kHz corresponds to the f; of the non viable cells and is also the frequency
at which the difference in the dielectric increment between viable and non viable cells is
at its maximum; at 8MHz the permittivity signal of the non-viable cells has the smallest

increment. Results of the fitting procedure are shown in Figure 9.9.
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Figure 9.9 Expected and fitted (calculated) cell viabilities for different cell concentrations using
permittivity data obtained at 125 kHz, 374 kHz and 8 MHz. a) 0.4 b) 0.91 c) 1.35 d) 1.62x10°
cell/ml.

The results indicate that despite of the good approximation, it is difficult to estimate
simultaneously cell viability and cell concentration directly from dielectric spectra,
especially at high cell concentrations, even though the characteristic frequencies of the
viable and non-viable cells are quite far apart. The cause of this may arguably lie in the
facts that a) the signal of non-viable cells is much smaller than that of the viable cells
(by a factor 4 to 5); b) the quality of the data is insufficient to obtain an accurate

estimate; and c) there are two unknowns, cell viability and cell concentration.

Factor a) is a consequence of electrical properties of the cells. The electrical properties
of cells will vary and depend on species, strain as well as the cell’s history (e.g. growth
conditions), and for non-viable cells will also depend on method by which the cells have
become non-viable (Patel and Markx, 2008), but are not normally under the

experimenters’ control in most measurements.
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Factor b), the quality of the data depends on both the instrumentation and on the method
by which the data have been obtained (e.g. averaging/filtering). Permittivity
measurements on cell suspensions can be quite noisy (Kiviharju, 2008; Ronnest, 2011),
in particular those obtained at the lower frequency ranges where the small contribution
of the non-viable cells to the dielectric increment occurs. To a large extend this is
probably caused by the need to compensate for electrode polarisation (Schwann, 1992;
Davey and Kell, 1998 1&ll; Yardley et al., 2000). The development of electrodeless
measurements systems (Siano, 1997) in which there are no electrodes in direct contact
with the medium, and therefore no electrode polarisation and the development of higher

resolution dielectric monitors may overcome these problems.

Factor c), the need to fit both the cell viability and cell concentration, could be
overcome if one were to obtain a separate measurement of the total cell concentration.
In the next set of experiments measurements were done with a NIR probe, the BugEye
BE2100 optical Biomass Monitor, on suspensions containing both mixtures of viable
and non-viable cells of different concentrations and ratios. Results are shown in Figure
9.10.
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Figure 9.10 Response if the NIR probe (in arbitrary raw bug units) as a function of yeast

concentration for suspensions with different cell viabilities.

The response of the BugEye probe (Figure 9.10) to changes in the cell concentration is

not as linear as the response of the dielectric probe (Figure 9.5), where the correlation
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between biomass level and dielectric increment was typically R* >> 0.999 for viable
cells (less so for non-viable cells, which had a much lower dielectric increment).
However, the correlation between the optical sensor readings and the total amount of
biomass is still good (R? = 0.9951).

Whilst the signal of the dielectric probe is highly dependent on the viability of the cells
in the suspension (Figure 9.4), the optical sensor does not distinguish between viable
and non-viable cells. Thus, by combining the signals of the NIR probe (to get an
estimate of the total cell concentration P;) with that of the dielectric probe, one of the
variables in the previous fitting process can be fixed. Thus it should be possible to
obtain a more accurate estimate of cell viability during the fitting process. The results of
the fitting process, shown in Figure 9.11, bear this out: cell culture viabilities can be

determined within 10% if the optical and dielectric signals are combined.
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Figure 9.11 Expected and fitted (calculated) cell viabilities for different cell concentrations.
Total cell concentrations were estimated using the NIR optical probe. Cell viability was
estimated using permittivity data obtained 125 kHz, 374 kHz and 8 MHz. a) 0.4 b) 0.91 ¢) 1.35
d) 1.62x10° cell/ml.
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9.4 Conclusions

Biomass level and viability of the cells are two of the most important variables during
fermentation. Dielectric spectroscopy gives information on both, but to date separation
of the information on viability and cell concentration has remained relatively

unexplored.

The first method that was explored for the determination of cell viability was based on
that fact that the characteristic frequency of the dispersion of non-viable cells occurred
at a lower frequency than that of viable cells. This method used dielectric spectroscopy
data only, and therefore has a smaller need for equipment as only one probe was
needed. This method had some but limited success. This limited success could arguably
be attributed to the fact that the signal of non-viable cell is quite small and occurs in a
frequency range in which data are of a lesser quality. Although not available to us for
these studies, higher resolution dielectric spectroscopy methods and/or electrodeless
measurement methods in which no electrode polarisation occurs could potentially be

used overcome this problem.

The second method involved the combined use of a dielectric and an optical probe for
biomass measurement. The use of an optical sensor alongside a dielectric probe enabled
us to obtain an independent measurement of the cell concentration, and obtain culture
viability to within 10%. Further development and optimisation could improve this.
Although more demanding on equipment (two sensors are needed rather than one), this

method seems most promising.

Finally, only cell viability was investigated in these studies. Simultaneous use of optical
and dielectric probes can significantly improve data (Dabros et al., 2009), and, if
combined with multifrequency analysis of dielectric spectra, allow one to obtain
improved estimates of changes in cell properties during cultivation, including their
differentiation (Ansorge et al, 2010a&b; Opel et al., 2010; Bagnanchini and Drumman,
2011).
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CHAPTER 10

CONCLUSIONS AND FUTURE WORK

Conclusions

The aim of the work described in the thesis was to investigate the effects of various
interfering factors, and develop methods for overcoming these problems. Three different
approaches were used. The first approach involved the measurement of dielectric
spectra of both the biomass and the interferent. In many cases the frequency
dependencies of the dielectric spectrum of biomass and interferent are large enough to
decompose the spectra and obtain accurate estimates of the relative contributions of the
biomass and the interferent to the spectra. The second approach involves the separation
of the interferent from the sensor using a filter. The third approach involves the use of a
second sensor in addition to the impedance biomass sensor which gave additional
information through which the interferent can be compensated for. The three different
approaches were used in a number of settings.

In the case of pre-treated hardwood, the signal from the wood was very small, and the
presence of the wood had little effect on the dielectric readings. Measurement of the
concentration of yeast in the presence of pretreated wood was therefore straightforward,
the main issue being the low cell concentrations and sensitivity of the dielectric sensor
probe. Dielectric spectroscopy therefore appears to be a good method for monitoring
cellular biomass concentrations during simultaneous saccharification and fermentation
of hardwood, and dielectric spectroscopy could potentially be used as a tool to optimize
microbial growth during fermentations of lignocellulosic feedstock.

In contrast to wood, the addition of spent grain to a suspension gave a large increase in
the (low frequency) permittivity. However, because the dielectric dispersion of the spent
grain occurred mainly at low frequencies, and the dielectric dispersion of the yeast at
higher frequencies, deconvolution of the relative contribution of spent grain and yeast to
a spectrum was possible. It was therefore possible to obtain good estimates of yeast cell

concentration despite the presence of spent grain.
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At conductivity levels above 54 mS/cm the Aber Biomass Monitor model 220 stopped
measuring. Below this conductivity the measurement of biomass levels was possible.
There was little crosstalk between the conductance and capacitance, and changes in the
conductivity had little effect on the baseline. Electrode polarisation however still is a
problem, and its magnitude becomes larger with increasing conductivity. Fortunately,
the dispersion caused by electrode polarisation also occurs at a lower frequency than
that of cells, and deconvolution of the spectra can therefore also be used for
compensating a permittivity spectrum for electrode polarisation. A mathematical model
was developed to describe electrode polarisation, and used to correct spectra of baker’s
yeast and the microalga Nannochloropsis oculata for the effects of electrode
polarisation. This made it possible to obtain estimates of the internal conductivity and

membrane capacitance of the yeast and microalgae.

The characteristic frequency of the dispersion of non-viable cells also occurred at a
lower frequency than that of viable cells. An attempt to use deconvolution to separate
the relative contribution of viable and non-viable cells had some but limited success.
The limited success could be attributed to the fact that the signal of non-viable cell is
quite small compared to that of viable cells, and also occurs at a very low frequency
range in which data are of a lesser quality.

In an attempt to monitor changes in the dielectric properties of suspensions
interdigitated microelectrodes were fabricated from indium tin oxide (ITO) on glass
with different widths and distances between the electrodes. It was shown that is was
feasible to use these microelectrodes for monitoring (yeast) biomass levels in
suspensions. Only interdigitated parallel electrodes were used; optimisation of the
design is still needed. Electrode polarisation was observed with smaller electrode sizes,
which also correlates well with previous findings that electrode polarisation decreases
when the current density decreases when the electrode surface area is increased. Wider

microelectrode widths and smaller electrode distances gave better signals.

The microelectrodes that were developed were used in a set of experiments in which
cells but not medium was prevented from moving to the area near the electrode surface.
To achieve this different membranes and agar gel were tested. The results indicated that
it is possible to prevent cells from moving to the area near the electrode surface,

allowing the measurement of the dielectric properties the suspending medium only.
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However, the presence of a gel or membrane on the electrode surface does significantly
increase the response time of the system. It could take up to 10 hours to sense changes
in the suspending medium when working with membranes and 4 hours for gels. The
application of ultrasound improved the response time of a membrane—based system to
about 3 hours. This is only slightly better, and the signal was poor. Working with gels
seems a simpler and more promising method, but optimisation of the electrodes and gel

properties are still needed.

Finally, using an optical sensor alongside a dielectric probe made it possible to
simultaneously obtain an independent measurement of the total cell concentration, as
well as a signal that is mainly dependent on the concentration of viable cells. This in
turn made it possible to not only to compensate biomass measurement based on
dielectric spectroscopy for the concentration of non-viable cells, but also obtain culture

viability to within 10%.

Overall, the project has been very successful. It has been shown that many interferents
that occur during biomass measurement using dielectric spectroscopy can be
compensated for using relatively simple mathematical relations, and it has also been
shown that developments in sensor technology itself can also help in reducing the
contribution of an interferent to the dielectric signal (by keeping the interferent away
from the dielectric probe) or by measuring the contribution by the interferent to the

signal (which can then be compensated for).

Future work

During the project a comparison was made between an optical probe and a dielectric
probe. This provided not only useful data but was also useful by the fact that it pointed
to the relative advantages and disadvantages of optical and dielectric approaches
towards biomass measurements and the main future directions for the dielectric

approach.

The optical approach measured biomass concentration based on the concentration of
scattering particles. The technique was quite sensitive to changes in particle

concentrations, and noise levels were considerably smaller than for dielectric
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measurements. Measurement of small particles was straightforward. The method was
quite insensitive to changes in the concentration of soluble compounds, including the
concentration of salts. Where dielectric spectroscopy plays to its strength is where
selectivity is important. The dielectric method is much more sensitive to the
concentrations of particles surrounded by a membrane than particles without one.
Therefore, dielectric spectroscopy is quite insensitive to the presence of non-cellular
particles compared to optical techniques. The presence of any non-cellular particles
immediate gave the optical sensor a high background signal. However, the sensitivity of
the dielectric probe was less in comparison and data were noisy. The measurement of
biomass levels of cells with a small size seems to be in particular one of the bigger
challenges when working with dielectric spectroscopy. Improving the sensitivity of the
dielectric technique therefore has to be the first suggestion for future work. Although
not available for these studies, an allegedly higher resolution biomass monitor (the
“Futura”) has been developed by Aber Instruments, and it is hoped that some of the
problems associated with instrument sensitivity have already been overcome by the
development of this instrument. Additionally, more study should be done concerning
the measurement of biomass levels of suspensions of mixed cell types. The
development of electrodeless measurement methods in which no electrode polarisation
occurs could potentially overcome some of the remaining problems associated with
electrode polarisation. The development of specific dielectric sensors could be
developed working with membranes or gels with different levels of permeability

allowing measurement of the particle or chemical of interest only.

Dielectric spectroscopy as a technique for measuring biomass is solidly based on theory.
Potentially dielectric spectroscopy can also be used to determine cell properties such as
cell shape and size, lipid content, membrane permeability, membrane folding,
membrane potential among others. Being able to determine these on-line and in real-
time with greater accuracy would have many applications in the food and biofuel

industry, chemical and pharmaceutical production, and medical and biological fields.
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