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Introduction
All else being equal, the productivity of a biological process is determined by the quantity of
biomass present. There is therefore a major requirement for the accurate measurement and
control of the biomass within fermentors, at both laboratory and industrial scales. Presently
the range of sensors available that can be used in situ and reliably for the monitoring and
regulation of biotechnological processes in general is rather limited. These sensors normally
rely upon physical (e.g. optical, mechanical and electrical) or chemical variables (e.g. pH and
concentration) rather than biological ones per se (Sarra ef al., 1996; Pons, 1991). However
only physical methods allow the on-line, real-time estimation of biomass (Harris and Kell,
1985). As well as physical methods, any easily determinable chemical that is produced or
consumed by cells at an essentially constant rate during cell growth may also be used to
assess biomass, e.g. carbon dioxide evolution and oxygen consumption. In these indirect
methods biomass is then calculated based upon mass balances, stoichiometric relationships or
empirical constants. However, this type of approach has the great disadvantage that it does
not generally discriminate between biomass and necromass (Kell ez al., 1990).

Even if biomass was easily measurable there is still the question of what is
biologically relevant information for fermentation control and how can one define and

quantify it (e.g. metabolism, viability, vitality, morphology) (Kell ef al., 1987; Kell, 1987a;



Kell et al., 1990). Such data are usually complex in their acquisition (mainly off-line), time-
consuming to measure, prone to human error and usually subjective in their interpretation,
e.g. microscopic cell counting and viability staining.

In this survey we will review the measurement of biomass based on the passive
electrical (dielectric) properties of biological materials. As will be discussed later, this
technique has the advantage that it only detects cells with intact plasma membranes and so
gives values that do correlate with biomass rather than necromass. The physics that forms the
basis of this technique has been studied since the last century and has been reviewed in great
detail by a number of authors (Grant et al., 1978; Pethig, 1979; Pethig and Kell, 1987;
Takashima et al., 1988; Foster and Schwan, 1989; Davey and Kell, 1995; Rigaud et al., 1996)
and how this theory relates to (dielectric) biomass measurements has also been extensively
reviewed and researched (Irimajiri ef al., 1975; Harris and Kell, 1983; Harris et al., 1987;
Kell,1987b; Kell and Davey 1990; Markx et al., 1991a,b,c,d; Mishima et al., 1991a;
Sonnleitner et al., 1992; Davey, 1993a,b; Davey and Kell, 1994; Matanguihan et al., 1994;
Davey and Kell, 1995; Asami and Yonezawa, 1996; Siano, 1996; Asami et al., 1998; Davey
and Kell, 1998a,b; Asami et al.,1999; Krairak et al., 1999 ; Markx and Davey, 1999).

For the purpose of this review we will concentrate on the Biomass Monitor (BM,
formerly called the Bugmeter, Aber Instruments Ltd, Science Park, Cefn Llan, Aberystwyth,
SY23 3AH and see http://www.aber-instruments.co.uk) (Harris et al., 1987; Davey et al.,
1999) as this has a large publication base and is the only commercial system available at the
moment that can work in real fermentation environments, on-line and in real-time. The other
more laboratory-based systems under development will be considered but unless otherwise

specified the work being discussed will be studies using the Biomass Monitor (BM).



The theory and practice of dielectric biomass estimation

THE B-DISPERSION

For the purposes of this article a simplified approach to dielectric dispersions and the
dielectric approach to the estimation of biomass will be employed. References with more
exacting explanations were mentioned in the introduction. For modelling purposes a
suspension of cells can be regarded as being composed of three separate parts. Within the
(spherical) cells and surrounding them are conducting aqueous ionic media, the cell’s
cytoplasm and the suspension medium respectively. The cytoplasm is a highly complicated
and structured mixture of salts, proteins, nucleic acids and smaller molecules (Clegg, 1984).
In addition in eukaryotes various internal membrane bound structures are also present, which
can affect the cell’s dielectric properties (Foster and Schwan, 1989; Asami et al., 1996).
Surrounding the cell's conducting core is the plasma membrane which is essentially non-
conducting (Takashima et al., 1988). Thus electrically a cell suspension can be regarded as a
suspension of spherical capacitors each containing a conducting matrix (cytoplasm) and all
surrounded by a conducting suspension medium.

When an electric field is applied to a suspension of cells in an aqueous ionic solution,
the ions in that solution are forced to move. The positively charged ions are pushed in the
direction of the field whilst the negatively charged ones are pushed in the opposite direction
(Figure I). The ions both inside and outside the cells can only move so far before they
encounter the plasma membranes which acts as an insulating physical barrier preventing
further movement. This results in the development of a charge separation or polarisation at
the poles of the cells (see Figure I). The magnitude of the suspension's field induced
separations is measured by its capacitance (C) in Farads (F), however as a Farad is a very
large capacitance one normally sees its values expressed in pico-Farads (pF). Thus by
measuring the capacitance of the suspension at one or more appropriate frequencies its
biomass can be estimated (Harris et al., 1987; Kell ef al., 1990; Davey et al., 1993; Davey,
1993a,b; Kell and Todd, 1998) because, as the volume fraction of the cells increases there are

more polarised membranes, which in-turn gives a higher measured capacitance. Dead cells



(operationally defined - Kell et al., 1998; Barer et al., 1998) and non-biomass solids do not
possess intact plasma membranes and so do not polarise significantly, therefore they do not
contribute significantly to the capacitance of the cell suspension (Harris ef al., 1987,
Stoicheva et al., 1989). Similarly, if oil droplets or gas bubbles are present in the medium
they do not contribute directly to the measured capacitance as they are also not membrane-
enclosed particles. However, if they are present at high concentration they will reduce the net
suspension capacitance by virtue of the fact that they are reducing the cellular volume
fraction. In some rare cases non-biomass solids do contribute a significant capacitance that
interferes with biomass measurements; however these contributions can be removed using
multivariate techniques (Nicholson et al., 1996).

To this point we have only considered the electric field moving in one direction. If
the electric field’s direction is reversed, so is the polarity of the resulting charge separations
(Figure 2). However the magnitude of the polarisations remains unchanged and so the
capacitance of the suspension also remains unchanged. The rate at which the electric field
changes direction can also be varied. The number of times the field changes direction per
second is measured by its frequency in Hertz (Hz). The greater the rate of change the higher
the frequency. Frequency has a marked effect upon the capacitance of a cell suspension as the
ions moving up to and polarising the plasma membranes take a finite time to reach them and
cause the polarisations (Pethig, 1979; Foster and Schwan, 1986; Pethig and Kell, 1987).

Figure 3 illustrates the polarisations induced across the cells within a suspension as
the frequency of the electric field is increased. At low frequencies, below approximately 0.1
MHz ((A)), many ions have time to reach the cells' plasma membranes before the field is
reversed driving the ions in the opposite direction. In this case the induced polarisations are
large and hence the capacitance of the cell suspension is high. As the frequency is increased
over 1 MHz ((B)) fewer ions have time to reach the plasma membranes before the field is
reversed and, therefore, the extent of the transmembrane polarisation is less and hence the
capacitance of the suspension is lower. At very high frequencies, typically 10MHz and above

((C)), even fewer ions have time to polarise the membranes and so the resulting membrane



polarisation is small, giving a negligible contribution to the overall measured capacitance.
What remains is a background capacitance due largely to the dipoles of the water in the
suspending medium.

From Figure 3 one can see that as the frequency is increased the capacitance of the
suspension falls from a high low-frequency capacitance plateau (maximal cell polarisation) to
a low high-frequency plateau (minimal cell polarisation). This fall in capacitance due to the
loss of induced charging of the cells' plasma membranes as frequency is increased is called
the B-dispersion and for most cells it is centred between 0.5 and 3 MHz (Pethig, 1979; Foster
and Schwan, 1986; Pethig and Kell, 1987; Davey and Kell, 1994).

The residual high-frequency capacitance due to the medium is termed C,, and the
height of the low-frequency plateaux above this the AC or capacitance increment of the -
dispersion (see Figure 3). The frequency at which the fall in capacitance is half completed
(i.e. at C,, + (AC/2)) is termed the characteristic (or critical) frequency (f.). The measure of
the steepness of the capacitance fall during a dispersion that is usually used (which is not its
slope) is called the Cole-Cole a (Cole and Cole, 1941; Cole 1972). The Cole-Cole a is a
dimensionless quantity with values > = 0 but < 1 which nominally describes the distribution
of relaxation times in the suspension (however see Markx et al., 1991a for evidence that this
cannot be the reason in the case of the B-dispersion of biological cells, and also for example
Jonscher, 1983). Typical values for biological cells are up to 0.2 (Davey and Kell, 1995) with
some yeasts and bacteria going as high as 0.4. The effect these non-zero a values has on
biomass measurements will be discussed later.

With increasing biomass concentration neither the f; or the C,, are significantly
changed. However what does change is the magnitude of AC, which increases monotonically
with biomass concentration. Thus in order to estimate the biomass content of a cell

suspension, one simply measures the magnitude of the AC of the B-dispersion.



MATHEMATICAL MODELS OF THE B-DISPERSION: AC AND CELL SUSPENSION
STRUCTURE.

To discuss how the AC of the -dispersion relates to the structural features of the cells
in the suspension we must consider both capacitance and conductance in more detail.
Capacitance gives a measure of a material’s ability to store electrical energy as charge.
Conductance (in Siemens (S), which the BM also measures) gives a measure of the ability to
conduct charge and dissipate the electric field's energy as heat. Conductance increases as the
concentration, valency and mobility of the ions in the solution increases. Both capacitance
and conductance depend not only on the material being measured but also on the geometry of
the electrodes (and range setting of a BM: high or low) being used. Thus for theoretical work
in particular it is convenient to normalise the values to a standard electrode geometry. Doing
this converts capacitance (C, in Farads (F)) into relative permittivity (¢ (dimensionless), as it
is relative to a vacuum), and conductance (G, in Siemens (S)) into conductivity (o, in S.m™)(
Kell, 1987a; Pethig and Kell, 1987; Kell and Davey, 1990).

The electrode geometry (and BM range setting) is encapsulated in the cell constant (K
in m™") of the system. To convert a measured conductance into conductivity one uses

Equation I:

As tables of the o for aqueous KCl1 solutions at known temperatures are available one can
measure the conductance of a reference KCl solution (at a known temperature) and then
calculate the cell constant of the system. For example, a dielectric spectrometer (e.g. a BM)
gives a conductance of 1.83 x 107S for 10 mM KCI at 20°C which from the tables has a
conductivity of 0.1278 S.m™". From Equation 1 we can calculate the cell constant as 70 m™.

A measured capacitance can be converted to permittivity using:



6= C (K/eo) -(2)

where &, is a constant called the permittivity of free space and is equal to 8.854x10™"? F.m™.
The relative permittivity is numerically equal to the capacitance of the standard electrode with
the material in it, divided by the capacitance of the same electrode containing a vacuum.

An important point about both Equations 1 and 2 is that the unnormalised values (G
and C) are converted to their normalised counterparts (o and €) by being multiplied by a
constant (K and (K/gy)) for the given measuring system. This means that the basic shape of
the B-dispersion curve in Figure 3 is unchanged. All that happens is that AC becomes Ag
(dielectric increment) and C,, becomes &, whilst the f, and Cole-Cole a are unchanged. If a
dispersion had a AC of 10x10"? F when measured with a spectrometer system with a K value
of 70m™ then by Equation 2 the Ae is 79.

Of course as the AC of the B-dispersion is proportional to biomass content (up to
moderate levels - see below) so is its Ag, and the theoretical work of Schwan (1957) allows us
to relate the latter directly to the physical make-up of the suspension. His equation, which has
been extensively checked experimentally (e.g. Harris and Kell, 1983; Davey and Kell, 1995),

1s:

Ae=(9PrCn)/ (40 (3)

where P (dimensionless) is the volume fraction of cells with intact plasma membranes (i.e.
biomass), r is the radius of the spherical cells (m) and C,, is the plasma membrane capacitance
in F.m™ (Ferris et al., 1990). C,, gives a measure of the charge-storing ability of the
membranes and has been found to be effectively a biological constant of 0.01 + 0.005 F.m™.
This is perhaps not surprising as it is governed by the thickness and permittivity of the
hydrophobic core of membrane material (Hanai et al., 1964; Hanai ef al., 1965; Everitt and

Haydon, 1968; Coster and Smith, 1974; Laver et al., 1984).



If we assume a C, for yeast of 0.01 F.m™ then from Equation 3 a suspension of yeast
(radius, r = 3x10°® m) present at a volume fraction (P) of 0.01 will give a B-dispersion Ag of
76.2. A BM standard 25 mm diameter probe used with a BM set to its most sensitive setting
(low range) has a cell constant (K) of 70 m™'. From Equation 2 we can calculate that this Ag
corresponds to a measured AC on the BM of 9.6x10™" F (9.6 pF). If we had the same volume
fraction of coccoid bacteria (r = 0.5x10°m) under the same conditions then Equation 3 would
give the Ag as 12.7 and hence a capacitance on the BM of 1.6x10™'? F (1.6 pF). This makes the
general point that dielectric biomass estimations are proportionately more sensitive to larger
cells than smaller ones.

If one is using cell concentration as the measurement of biomass then Equation 3

becomes:

Ae=(3nr*C,N) /g (4)

where N is the cell concentration in cells.m™. Figure 4 is a plot of Ag versus cell radius for
different cell concentrations calculated using Equation 4. Once again one can calculate the
capacitances equivalent to the Ae values using Equation 2.

For most fermentations r is constant which means that Equations 3 and 4 predict that
there is a linear relationship between the volume fraction or concentration of intact cells and
the measured Ag (AC). In fact r can change slightly during a fermentation as cells often get
slightly larger during exponential growth. To apply Equations 3 and 4 crudely to non-
spherical cells we can think in terms of an equivalent radius, thus if the cells change
morphology over time this equivalent radius will also change. For most fermentations these
changes do not introduce significant errors in biomass measurements. The other point made
clear by Equations 3 and 4 is that the working definition of biomass used in dielectric
biomass estimations is that biomass means cells with intact plasma membranes. Non-

culturable, dormant or biochemically inactive cells which retain intact or largely intact plasma



membranes are also measured as biomass. However, it has been found experimentally that
this is not usually a source of major error under fermentation conditions (see the later
literature review sections).

For cell suspensions with high volume fractions (P>0.15) it has been found
experimentally that Ae (AC) no longer increases linearly with volume fraction as predicted by
Equation 3, but begins to plateau off. This plateauing has been successfully modelled by
multiplying the right-hand-side of Equation 3 by the additional term 1/(1 + (P/2))* (Schwan
and Morowitz, 1962; Schwan et al., 1970; Harris and Kell, 1983; Davey et al., 1992).

Schwan (1957) also gives an equation for the characteristic (critical) frequency (f;) of

the B-dispersion:

1

[ = - (5)
2w )

where o; and o, are the conductivities of the cytoplasm and suspending medium respectively.

Thus a yeast of radius (r) 3x10°m and C,, of 0.01 F.m” with an internal conductivity (o;) of
0.5 S.m™ suspended in a medium of conductivity (c,) 0.8 S.m™ has a B-dispersion f, of
2.0x10° Hz (2.0MHz) (For useful values to use in calculations such as these see Davey and
Kell, 1995). Research has shown that the cytoplasmic conductivity of such cells does not
change significantly as one varies the external conductivity of a suspension (Beving ef al.,
1994). Thus during a fermentation it will largely be changes in the external medium
conductivity (o,) that will cause the B-dispersion to move. Typically such changes will result
from the cell's metabolic activity or from the acid and alkali used for pH control. The
implications of movements in f, for biomass measurements will be discussed later.

To model non-spherical cells more accurately alternative models to the ones above

must be used (Asami et al., 1980; Asami and Yonezawa, 1995). A detailed description of



these is beyond the scope of a review such as this as they typically involve the use of complex
numbers and 3D geometry. Figure 5 shows the effect of cell morphology on the B-dispersion
(at a constant volume fraction) calculated using the equations in Asami et al. (1980). As the
cells become more elongated (prolate) a secondary low-frequency component to the f3-
dispersion becomes increasingly prominent. For very prolate cells one can clearly see the two
B-dispersions for the two different semi-axes of the cells. Also shown on the plot is the
frequency range for the BM. It is clear that for filamentous fungi the limited frequency range
of the BM results in only a fraction of the total signal being registered. It also explains why
the dielectric spectra of tempe (a solid-state fermentation using the filamentous fungus
Rhizopus oligosporus) that were measured using a BM were seen as a gentle slope rather than

a defined step change (Davey ef al., 1991; Penaloza et al., 1991; Penaloza et al., 1992).

MEASUREMENT OF THE AC OF THE B-DISPERSION

To estimate the biomass concentration by measuring AC (Ag) we need convenient and
practical ways of making these measurements. There are three means of estimating AC: the
first two rely on measurements at spot-frequencies and the third uses frequency scanning and
curve fitting. In all three cases one has first to perform off-line calibration measurements
before actual biomass measurements can be carried out on-line. A dilution series of the cells
of interest is made and the AC of each is measured along with the required biomass output
e.g. the dry weight, cell concentration etc. The resulting straight line calibration graph of
capacitance versus required biomass output can then be used to convert measured on-line AC
values back to dry weights etc.

Figure 6 illustrates a B-dispersion showing what one might actually see because of
the presence of electrode artefacts (electrode polarisation, see later) which can cause the
capacitance to tip up at low frequencies. In single-frequency biomass measurements one
selects a single frequency well onto the low-frequency plateau of the -dispersion (f-low,

typically 0.3 to 0.5 MHz) but above the frequency range in which the time-dependent
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electrode polarisation effects cause significant interference. Prior to inoculation one backs the
capacitance of the medium at this frequency to zero, in effect backing C,, to zero. During cell
growth the AC of the B-dispersion increases as the biomass content does and so does the
estimate of AC recorded at f-low.

Also shown on Figure 6 is a spot-frequency (f-high) on the high-frequency plateau of
the B-dispersion (typically at 10 MHz). The capacitance at f-high is approximately equal to
C., whilst that at f-low approximately equals (C,, + AC ). Thus if the capacitance is measured
simultaneously at f-low and f-high and the capacitance at f-high (C,) is subtracted from that
at f-low (C,, + AC), one is left with AC and therefore an estimate of biomass. This is the
method referred to as dual-frequency biomass measurement.

Both the single- and dual-frequency methods of biomass measurement using the
Biomass Monitor have been used successfully with a variety of cells and fermentation
configurations. The dual-frequency method offers greater stability to long term instrumental
drift (Davey, 1993a) which can occur during long term installations.

Leaving aside electrode polarisation which will be discussed later, both these
methods do have potential problems because of the need to be well onto the plateaux of the -
dispersion. Figure 7 shows the effects of non-zero Cole-Cole a values on a B-dispersion when
seen over the limited frequency range of a BM. As the a value increases the spot measuring
frequencies are progressively off the plateaux so reducing the quality of the biomass
measurements.

Using spot-frequencies off the plateaux makes the measurements prone to the second
source of error, namely "f.-offset" effects. Figure 8 shows three dispersions (lines (A), (B)
and (C)) where we have attempted to estimate AC (and hence biomass concentration) with f-
low values on or off the low-frequency plateau. The three lines are exactly same dispersion,
the only difference being that the f. has moved due to gross changes in suspending medium
conductivity (o,). Equation 5 shows that a fall in 6, will lower the f; (line (B) on Figure 8), a

rise will increase the f; (line (C) on Figure 8). With an f-low well onto the low-frequency
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plateau these movements have little effect on the estimation of AC. However, for an f-low off
the plateau, movements in f. have caused changes in the estimate of AC and hence biomass
concentration, where no such changes have actually occurred. This effect is only a problem
for cell suspensions where the medium conductivity is very low (compared to ;) and where
large medium conductivity shifts occur during a fermentation. These conditions do not occur
in normal industrial fermentations where nutrient levels are high.

The third method that has been used to estimate biomass is by scanning the
frequencies over the B-dispersion region to generate a capacitance curve similar to that in
Figure 3. One then fits this curve to the Cole-Cole equation, which models the shape of
dispersion, to give best fit values of AC, f., Cole-Cole a and C... This approach has been used
for the non-contact electrode method from Hewlett-Packard (Asami et al., 1996; Siano, 1996)
and with the Biomass Monitor (Davey et al., 1993; Davey and Kell, 1998b). On the BM one
typically scans between 15 and 50 frequencies in random order under the control of an
external computer. Curve fitting of the data is then undertaken on the computer with a
program that uses the Levenberg/Marquardt algorithm for non-linear least-squares fitting
(Marquardt, 1963; Bevington, 1969; Grant et al., 1978; Press et al., 1990; Davey et al., 1993).
For noisy data the influence of outlying points is minimised using “robust weighting”
(Mosteller and Tukey, 1977; Leatherbarrow, 1992).

The main advantage of frequency scanning is that one can extrapolate to the plateaux
of the B-dispersion if they are outside the frequency range of the instrument and so f.-offset
errors are eliminated as are the adverse effects of large Cole-Cole o values (see above). On
the down-side scanning can take from several seconds to several minutes, which can cause
problems in rapidly changing systems: e.g. ones where gas hold-up fluctuates rapidly or
where there is poor mixing or homogeneity. The computational overheads in the curve fitting
procedure and the need to check that the resulting fits are indeed plausible also need to be

taken into consideration for real industrial applications.
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ELECTRODE POLARISATION

The major limiting factor on the performance of dielectric biomass estimation for systems
where the electrode metal is in direct contact with the growth media is electrode polarisation.
The charged metal electrodes used to apply the electric field to the cell suspensions attract a
counter layer of ions around themselves which act as a large capacitance in series with the
suspension of interest (Schwan, 1963; Bockris and Reddy, 1970). This manifests itself in
frequency scans as a sharp increase in capacitance in the frequency range where one wishes to
measure biomass (i.e. below about 100-500 kHz)(see Figure 6). As this polarisation
capacitance increases as the electrodes become fouled or as the medium conductivity
increases, one can see that electrode polarisation could be a limiting factor in the present
applications of capacitive biomass measurements (Cerckel et al., 1993; Degouys et al., 1993;
Siano, 1996; Davey and Kell, 1998a,b).

A variety of methods have been used in order to remove the polarisation's
contribution to biological spectra with varying degrees of practicality (Davey and Kell,
1998b). The Biomass Monitor uses a four-terminal electrode design using “non-polarisable”
platinum electrode pins to reduce the innate polarisation of the electrodes (Schwan, 1963;
Schwan, 1968; Schwan and Ferris, 1968; Ferris, 1974; Harris et al., 1987; Kell, 1987a; Kell
and Davey, 1990). This arrangement consists of two pairs of electrodes, the outer two apply
an alternating current at a suitable frequency in the range of 0.2 MHz-10 MHz (from 0.1 MHz
on older machines), while the inner two, which are connected across the terminals of a high
impedance voltmeter, pick up the alternating potential difference (Kell and Woodward, 1991).
With a high input impedance voltmeter, negligible current crosses the electrode interface, and
hence polarisation is reduced. In practice this configuration works well (Kell and Davey,
1990; Davey et al., 1997), but it does not remove all of the polarisation. This is particularly
evident at high conductances combined with low biomass (Cerckel ef al., 1993).

In addition to its electrode design the BM uses electrolytic cleaning pulses to
keep the electrodes clean and to reduce electrode polarisation. 10V pulses are applied to the

electrodes which generate gas bubbles by electrolysis which lift off any adhering materials
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and also exposes fresh uncontaminated metal. Both these factors serve to keep the
polarisation of the electrodes low in the vast majority of fermentations. However, if the
protein content of the medium is very high, as in some brewery worts or animal cell media
containing albumin, the pulses can actually precipitate the protein onto the electrodes
(Yardley et al., 1999).

For situations where polarisation is still a problem on the BM two methods have been
devised to reduce its influence: the polarisation control method and the 2f method. The
polarisation control method (Schwan, 1963; Grant et al., 1978; Davey et al., 1990) is
frequently used as an off-line method using the Biomass Monitor. A frequency scan of the
cell suspension is performed and the conductance at the lowest frequency noted. A sample of
the suspending medium is then taken and its conductance adjusted at the lowest frequency to
that of the suspension using either distilled water or solid KCIl. When this solution is scanned,
we have an estimate of the polarisation as a function of frequency which can be subtracted
from the cell suspension scan to provide data that is largely free from polarisation.

The 2-frequency (2f) method (Davey and Kell, 1998a,b) for reducing electrode
polarisation on BM dielectric spectra has recently been developed. Electrode polarisation can
be modelled by a power law and the parameters of this model can be simply modified to give
reliable and intuitive measures of the magnitude (“Cp) and the rate of fall of polarisation with
increasing frequency ("f). Although the magnitude of electrode polarisation can change it was
found that the "f value remained constant. This latter fact enabled the capacitance of a
suspension at two frequencies to be used to estimate the polarisation's contribution to the
spectra and then eliminate it from the suspension data. This method is on-line and is easily
capable of being put under full computer control. Where this is of particular use is where the
B-dispersion curve has become embedded in a large polarisation curve due to low biomass
concentration and a highly conductive growth medium.

A recent and highly significant electrode development involves inductively coupled
electrodes based on the use of magnetic fields (Asami et al., 1996; Siano, 1996). This

removes the need for any direct electrode/suspension contact and so eliminates electrode
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polarisation completely. The probe consists of two coaxial toroidal coils covered with epoxy
resin. When an alternating voltage is applied to one toroidal coil, a current which depends on
the sample impedance is induced in the other coil by electromagnetic induction. The sample
impedance is determined from the relationship between the output current and the input
voltage. These electrodes have been prototyped by Siano (1996) and have been marketed by
Hewlett Packard as the Colloid Probe. Recent studies using this instrument include those of

Asami and Yonezawa (1995) and Asami et al. (1996).

DIELECTRIC SPECTROMETER BASELINE ARTEFACTS

The baselines of the spectra obtained with dielectric spectrometers (e.g. a BM) are typically
not flat as a function of frequency, by virtue of the fact that one is operating at radio
frequencies where strays become increasingly important as one ventures above 1MHz. Thus
most dielectric biomass measurement systems rely on calibration/compensation methods to
generate reliable data (e.g. Siano 1996). For instance in the BM there are electronic
compensations in the machine itself. This has recently been complemented by a full
mathematical model of the baseline artefacts of the machine as functions of both frequency
and growth medium conductance, which can be implemented in software (Yardley et

al.,1999).

Biomass measurements on model systems using instruments other than the Biomass
Monitor.

There are several other types of commercial, commercially based or experimental instruments
for making capacitative biomass measurments apart from the BM. All these instruments
involve using/augmenting the features of existing analysers such as those produced by
Hewlett-Packard. However, none of these systems is as yet ready to be used as an "off-the-
peg" biomass instrument in real industrial environments and all the published research has

been on model laboratory systems.
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Researchers from Kobe Steel Ltd have developed a capacitance probe based upon a
Yokogawa Hewlett-Packard 4194A Impedance/Gain Phase Analyser controlled with a NEC
PC9801 (Mishima ef al., 1991a Mishima et al., 1991b). These researchers investigated both
immersible and installed electrode arrangements (Junker ef al., 1994). The distance between
the platinum blacked electrodes employed using the immersible system was approximately
30mm; however it was notably greater for the installed platinised platinum plate electrodes
placed on opposite sides of a 10 litre fermentor. A wide variety of cell types were studied in
order to examine the suitability of the combination of the measuring instrument and the
electrodes for biomass determination. These cell types were Saccaromyces cerevisae (as a
suspension or immobilised on calcium alginate beads) , Escherichia coli (suspension),
Aspergillus niger (suspension), human leukemia (K562) cells (suspension), Madin-Darby
bovine kidney (MDBK) cells (microcarrier suspension) and Sesamum indicum L. (plant cells
in suspension). The effects of chemical (glucose concentration, salinity and pH) and physical
parameters (aeration and agitation) upon the dielectric measurements where assessed. There
was an excellent linear relationship between capacitance and cell concentration for all these
cell types even when the physical and chemical parameters mentioned above were varied.
Further it was shown that the capacitance signal reflected biomass as opposed to necromass.

Bragos et al. (1998) used the HP4192A impedance analyser to measure the biomass
of Saccharomyces cerevisiae and Candida rugosa (measured on-line) and two bacteria,
Escherichia coli and Rhodobacter capsulata (measured off line). S cerevisiae was also
measured off-line. Liposome suspensions where measured in order to validate the method and
to determine the relationship between particle size and the estimation sensitivity (Gamez,
1996). Two numerical models of biomass estimation were used, the first using two
frequencies derived from the Resistor/Capacitor (RC) model of a generic cell suspension and
the dependence of its parameters on the cell volume fraction (P) as described by Foster and
Schwan (1989) and the second using the parameters of the Cole-Cole impedance model (Cole
and Cole, 1941). In order to reduce artefacts (caused by electrode polarisation and cabling)

the analyser was connected to the electrodes through a remote front end (Gersing, 1991). This
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was used in conjunction with a triple reference calibration method adapted from the
methodology of Bolk (1985). This work concluded that the off-line results showed a detection
threshold, linearity and sensitivity.

Yelamos ef al. (1998) have further developed the use of a front-end to reduce the
effects of electrode polarisation when again used in conjunction with an HP4192A. They used
a modified front-end from that of Bragos et al. (1996), using a common-mode feedback
voltage and a high input impedance instrumentation amplifier. From this work it was found
that the low-frequency systematic error due to the instability of the electrodes was cancelled
out as well as the error induced as common mode by interference.

There is a recent, commercially-available instrument based upon electromagnetic
induction. It consists of a Hewlett-Packard ESOS0A Colloid Dielectric Probe (described
above), a 4285A precision LCR meter and a personal computer (H.P. Vectra), and is capable
of measuring within the frequency range of 100kHz to 20MHz (Asami and Yonezawa, 1995;
Asami, et al.,1996; Siano 1996).

Siano (1996) used the Colloid Dielectric Probe with data acquisition from 75KHz to
30MHz to measure the biomass of suspensions of aerated and agitated Escherichia coli,
Saccharomyces cerevisea, hybridoma cells, Chinese Hamster Ovary and two un-named
proprietary cell lines. Both fixed frequency and spectral permittivity data analysis were
compared. For the cells measured the results indicated accurate and reliable biomass
estimations, interference was negligible, there was good linearity and the detection limit was
below the inoculation concentration. The cell constants used in this arrangement are some
three orders of magnitude greater than those used in the BM, and so the capacitances

measured tend to fall in the (femto) fF rather than the pF range.

Biomass measurements on model systems and real world industrial applications using

the Biomass Monitor.

REQUIREMENTS FOR AN INDUSTRIAL BIOMASS MONITORING INSTRUMENT
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As we have emphasised the distinction between instruments capable of measuring biomass in
laboratory model systems and those capable of being used in industry it is worth exploring the
requirements for true "off-the-peg" industrial biomass instruments. The major design
consideration for an instrument capable of real industrial work is that industrial fermentation
halls can be extremely hostile environments. This means that the whole system must be robust
to things such as water and steam, personnel climbing on the equipment and large sudden
ambient temperature changes. Under these conditions the machine must be able to operate in
a stable manner for prolonged periods without the electrode being removed from the
fermentor. As fermentation halls can be extremely large one must design the system so that
the measuring electronics can be at some distance from the electrodes, and multiplexing to
multiple fermentors should also be possible. The measuring system must be designed so that
no modifications to the user’s fermentors are required, thus its probes must fit standard
fermentor ports. Any calibrations required must be infrequent and simple and the electrical
output of the data has to be compatible with industrial fermentor monitoring systems.

The design of the electrodes is critical. The system should not be overly susceptible to
electrode polarisation, and there should be an in-sifu cleaning system to prevent growth on the
electrodes themselves. The construction materials used must be inert and the electrode
construction has to be robust. It must be able to withstand high pressures and repeated in-situ
chemical/heat sterilisation and above all must not present a microbial contamination risk. The
Biomass Monitor has evolved over the past decade to fulfil all of the above requirements (see
Figure 9) (Davey et al., 1999).

In the sections that follow various applications of the BM are described with
particular emphasis on the more demanding systems and on real world industrial applications

of the machine.

ASSESSMENT OF CYTOTOXICITY
The major site of cytotoxic action of organic solvents is the cytoplasmic membranes of cells

(Tanford, 1980), due to the hydrophobicity or amphipathicity of such molecules and their
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ability to partition into, and to dissolve, such membranes (Seeman, 1972). Therefore, a screen
based on the assessment of membrane damage is indicated.

Stoicheva et al. (1989) noted the effects of octanol upon the B-dispersion of S.
cerevisiae. As this partitioned into the plasma membranes it first caused an increase in
capacitance due to the expansion of membrane area (Seeman, 1972) which was followed by a
rapid decrease due to cell lysis. This effect held for a number of other substances tested. The
work of Salter and Kell (1992) confirmed that cell membrane damage is the likeliest major
mechanism of toxicity, and that it was readily assessable using the Biomass Monitor. Davey
et al. (1993) noted a reduction in cell “viability” after solvent exposure, according to the
methylene blue and ethidium bromide tests. This emphasises the fact that biomass rather than
necromass is detected using dielectric measurements. From this work it was concluded that
the dielectric approach was a novel and convenient means by which to screen solvents and
indeed substrates for their biocompatability. These works and others are included in the recent

review of solvent effects on microbial cells by Salter and Kell (1995).

BACTERIA AND BIOFILMS

The formation of biofilms can be measured using dielectric spectroscopy as an on-line
method. Markx and Kell (1990) observed the formation of a biofilm caused by Klebsiella
rubiacearum. The biofilm was grown in a plate system under a constant flow of medium with
the tip of a BM probe flush to the plate wall. Dielectric measurements were recorded on the
Biomass Monitor by registering capacitative changes of the culture in the frequency range
0.1MHz-10MHz using a 4-terminal gold electrode. It was shown that the biofilms could be
removed from the probe by using the Biomass Monitor’s electrolytic cleaning pulses. A
number of biocides were assessed, including cetrimide, chlorine and glutaraldehyde. Chlorine
both removed and inhibited further bioflim formation and it was also demonstrated that the
automated addition of chlorine in response to changes in capacitance allowed for the control

of biofilm formation on-line.
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FILAMENTOUS BACTERIA AND FUNGI
Fehrenbach et al. (1992) decided that the Biomass Monitor had reached a stage of
development where it could be installed in pharmaceutical production facilities working to
cGLP/cGMP regulations. Their work was performed on three scales, with 20 litre, 1500 litre
and 2000 litre total bioreactor volumes. They used Saccaromyces cerevisiae, Pitchia pastoris
and Streptomyces virginiae for biomass estimations in suspension culture. It was concluded
that the Biomass Monitor gave an on-line capacitance measurement that could be related
directly to biomass concentration. The instrument was also particularly useful in following
mycelial growth under industrial conditions, for which precise off-line measurements did not
exist. Under these circumstances, the instrument gave data which were closer to physiological
reality and could be interpreted more readily and easily than the traditional off-line methods.
Saccharopolyspora erythraea was grown in submerged culture at 2 agitation speeds
by Sarra et al. (1996) on a soluble medium with glucose as the main carbon source. They
concluded that the BM gave good agreement during the growth phase when compared with
biomass concentrations as determined by dry weight methods, and that the Biomass Monitor

was unaffected by mycelial fragmentation and a lowering of viscosity.

SOLID SUBSTRATE FERMENTATIONS OF FILAMENTOUS FUNGI

The direct measurement of microbial biomass on-line and in real time in liquid substrate
fermentations has been problematical and in solid substrate fermentations virtually
impossible. Davey et al. (1991) showed it was possible to exploit the dielectric properties of
cells in order to overcome this problem using the accretion of tempe as a biological model
(Figure 10).

Solid-substrate fermentation processes using moulds are traditionally exploited in the
manufacture of a wide variety of oriental foods including tempe. Tempe is a typical example
of a solid-substrate fermentation and is traditionally a soya bean product fermented by the
filamentous fungus Rhizopus oligosporus Saito. The tempe was cultured at 31°C in Petri

dishes using soya beans, Andean bitter lupins (Lupinus mutabilis Sweet) and Quinoa seeds
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(Chenopodium quinoa Willd) as substrates. The Biomass Monitor electrode was introduced
centrally through the perforated lid of a petri dish into the culture, with the electrodes and
probe body penetrating 3-7mm into the substrate. Fermentations were followed over a period
of five days and samples where taken from replicate dishes in order to monitor the culture's
pH, moisture content and biomass as hyphal length per gram dry weight. It was shown that
capacitance and hyphal length during the growth phase were closely related, with the linear
regression correlation coefficients being close to unity. In this case capacitance was proven to
be a reliable, reproducible and on-line measurement of biomass in solid substrate
fermentations.

Penaloza et al. (1991) exploited dielectric spectroscopy in order to identify the effects
of potassium on the growth of Rhizopus oligosporus in solid substrate fermentations. The
sources of potassium were K,CO;, K;HPO,4, and KCl, and were introduced to the culture
medium at known concentrations. Mycelial potassium salt levels were measured using an
Auto Analyser and capacitance readings recorded using a Biomass Monitor at a fixed single
frequency of 0.3MHz. It was concluded that the on-line measurement of fungal biomass via
capacitance was extremely useful in determining the effect of potassium ions on mycelial
growth, and led to a significant improvement in both the medium composition and the speed
of the fermentation.

Further to this work Pefialoza et al. (1992) used the Biomass Monitor at a single set
frequency of 0.3MHz to optimise the solid-substrate tempe fermentation of Chenopodium
quinoa Willd by Rhizopus oligosporus Saito. From the accurate determination of biomass via
capacitance the optimum combination of strain and fermentation conditions were deduced for
tempe production. This consisted of an initial moisture content of some 620g.kg™" an initial
pH of 6.4 and an inoculum of 3x10" colony forming units of strain UCW-FF8001 per gram of

substrate.

YEAST
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Fermentations

The dielectric properties of yeast cell suspensions have been studied in great depth both on-
and off-line by many authors (e.g. Asami and Yonezawa, 1996; Harris et al., 1987; Kell,
1987b; Kell et al., 1987; Davey et al., 1992; Asami et al., 1999). Infact yeast provides the
standard models for studying the dielectric properties of cells in general and for dielectric
biomass measurement studies in particular. Indeed the first Biomass Monitor publication
(Harris et al., 1987) was on studies of yeast growing in an air-lift fermentor (Figure 11).
Leading on from this work further research has led to other yeast studies and applications.

Salter et al. (1990) described a novel method of yeast cell immobilisation in ceramic
microspheres which allowed high cell densities to be achieved. A suspension of S. cerevisiae
was passed through a column of microspheres into which a BM electrode had been built. The
cells rapidly colonised the microspheres with an even distribution along the entire column
length. Cell loading was determined off-line using a protein assay and optical density. From
this it was possible to correlate the measured capacitance from the Biomass Monitor to the
column loading. The conversion factors produced were 1mg dry wt.ml™ = 39.6 x 10° cells.ml’
"= 1.74(6) pF. Overall the Biomass Monitor proved to be very reliable irrespective of
whether the cells were resting or growing.

Kronlof (1990) monitored immobilised yeast cells in a continuous brewery
fermentation, which due to the insoluble nature of the carrier can cause problems for the more
traditional approaches to viable biomass monitoring. The problems are associated with the
complete inhabitation of the immobilisation system and how to ensure the complete removal
of adhering cells. Further, when the cells had been removed it was unclear as to how to
differentiate between viable and non-viable cells as this is impossible when using traditional
protein estimation methods to calculate biomass. Several biomass determination methods
were evaluated: gravimetric, haemocytometer, methylene blue, ATP determination and
glycogen estimation. The results were compared to those obtained from the Biomass Monitor.
It was found that the background effect due to non-cellular material could be eliminated and a

wide range of biomass concentrations reliably monitored. The conclusion was that the
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Biomass Monitor is equally suitable for viable biomass estimations in both suspended and
immobilised systems.

The Biomass Monitor has also found a significant niche in fermentation process
control (Kronlof, 1990; Kronlof, 1991; Markx et al., 1991b; Austin et al., 1994; Davey et al.,
1996). Markx et al. (1991b) grew bakers yeast in a novel type of turbidostat; or more
correctly permittistat, in which a constant biomass level was continuously maintained by a
feedback mechanism based upon the dielectric permittivity of the culture. Dielectric biomass
estimations were made using the two frequency method at 0.4AMHz and 9.5MHz. Other
parameters where also compared to the permittivity data at each setpoint to validate the
fermentor control. These included dry weight, fresh weight, the optical density at 600nm,
percentage viability (from the methylene blue assay), bud count, ethanol concentration,
glucose concentration, and the cell size distribution was measured using flow cytometry.
Good linear relationships between setpoint permittivity and dry weight, wet weight and OD
were obtained. It was concluded that any changes in the physiological properties of the yeast
had a negligible effect on the ratios between permittivity set (and measured) and the steady-
state dry weight or optical density of the cultures.

Davey et al. (1996) studied the fluctuations in growth rate of a permittistatically
controlled yeast culture as estimated from the rate at which medium was pumped into the
fermentor to maintain the permittivity setpoint (biomass concentration). They found that
permittistatic control provided an excellent method of maintaining and monitoring a constant
biomass level within a fermentor and were the first to show that cellular growth could exhibit
deterministic chaos.

A study by Austin et al. (1994) utilised the Biomass Monitor in a control loop to
maintain set-point levels in a cyclic reactor under perturbations. A linear relationship was
found between capacitance measurements and cell counts of brewers yeast suspensions, and
importantly a correlation was also demonstrated between capacitance and viable biomass

concentration.
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Brewery yeast management

Yeast management within breweries has received a considerable amount of attention in recent
years. It is necessary to ensure that there is the correct amount of yeast in the wort at the start
of a fermentation as this has a major influence on the final quality of the beer. A great deal of
research has been undertaken to assess practical ways in which yeast concentration can be
monitored prior to and during pitching (Carvell, 1994). Traditionally yeast pitching rate is
calculated from either the direct weighing of yeast cake or more usually by metering a volume
of yeast slurry with a predetermined solids content. Both methods have disadvantages and
these may lead to errors in calculating the correct quantity of yeast in the pitch. The yeast
cake method is prone to errors due to variable moisture levels and the spun solids content can
be inaccurate at high concentrations. With the yeast slurry method it is necessary to correct
the yeast content for trub (insoluble non-yeast material) and yeast viability by off-line
methods. These problems make process automation difficult.

Viability is a measurement that has vexed brewers for many years. Viable and non-
viable yeast cells can purportedly be discriminated using the methylene blue staining method
(Fraser, 1920), which is still widely considered to be the standard. In addition to the question
of membrane permeability, metabolically active cells reduce those molecules of methylene
blue which do cross the cell membrane to a colourless form. The methylene blue method is a
subjective test that tends to overestimate the number of viable (culturable) cells (since
metabolic activity can remain long after culturability is lost; Davey and Kell, 1996; Barer et
al., 1998; Kell et al., 1998). Even after viability staining the production brewer may well add
approximately 10% extra yeast “in order to be on the safe side”. This addition can lead to
fermentation problems as over pitching can be the cause of poor yeast vitality, reduced hop
utilisation, and variable consistency in terms of product flavour and process optimisation.

For the purposes of estimating on-line viability of yeast the 316B Yeast Monitor was

developed from the BM specifically for the brewing industry. The Yeast Monitor is capable
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of measuring the viable yeast count per ml directly on-line and is unaffected by trub, proteins
or gas bubbles. The 316B was evaluated by a major British brewing company (Bass Brewery
PLC, High Street, Burton-on Trent, Staffordshire, DE14 1JZ, U.K) and their results were
presented at the 22" European Brewing Convention (Boulton, 1989). The results in that paper
showed a linear relationship between capacitance and yeast biomass over a range extending to
at least 50% wet weight/volume which was equivalent to 100mg.ml" dry weight or 1x10°
cells.ml™". It was also noted that with the correct yeast pitch as determined by the Yeast
Monitor a typical fermentation was completed in 55 hours as opposed to the periods of up to
74 hours occasioned by conventional pitching procedures. These correct pitching values in
turn led to enhanced fermentor performance and therefore to an increased turnover. In this
paper a schematic representation of a yeast pitching control system was also suggested
(Figure 12), which was later implemented in the breweries of many companies worldwide.
Leading on from this article the application of the Yeast Monitor to control yeast pitching
rates received further attention: Boulton ef al., 1991; Lawrence, 1992; Boulton and
Clutterbuck, 1993; Maca et al., 1994; Kell and Todd, 1998.

In the study of Maca et al. (1994), Yeast Monitor readings were used to calculate the
yeast slurry volumes required to pitch fermentations at the Miller Brewing Company,
Milwaukee, USA. These volumes were then compared to a conventional spin down wet solids
measurement method of calculating pitching rates. This method gives an estimate of the yeast
volume to be pitched based upon the determination of the volumes of specific layers within a
centrifuged sample of yeast. Of six fermentors pitched using the Yeast Monitor all were on
target for viable cell count immediately after pitching. In comparison only one out of the five
fermentors that was pitched using the traditional spin down method was on target. It was also
concluded that the Yeast Monitor is not affected by the high and varying levels of trub which,
in the Miller yeast, can interfere with the spin down method.

During 1993 Alfa Laval Brewery Systems, Sweden, launched the Dynapitch
controlled yeast pitching system, which at its heart is controlled by a 316B Yeast Monitor.

This instrument was evaluated by Dymond et al. (1994) and is a self-contained, skid-
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mounted, computer-controlled module designed to minimise the requirements for on-site
engineering and installation. The system is currently installed in a number of European
breweries, allowing the full automation of yeast pitching.

The Yeast Monitor has recently undergone further metamorphoses. One of the new
variants is the Yeast Monitor 320, which utilises probes positioned at different heights within
a large production fermentor (Carvell, 1997). This instrument is multiplexed (up to 16 probes)
and designed to monitor yeast profiles and mixing patterns within production fermentors, a
process which is not well understood. Further development work by Aber Instruments has led
to the 800 series Lab Yeast Analyser (Pateman, 1997), which has been designed as a bench-
top brewery laboratory tool requiring little sample preparation.

A further application of the Yeast Monitor is the control of yeast feed rate to
centrifugal separators in breweries. This process can be difficult to optimise leading to yeast
slurries of varying concentration which can cause centrifuge blockages and hence process
down time. The combined use of the Yeast Monitor coupled to a variable-speed centrifuge
allows the brewer to recover beer from the yeast slurry more efficiently and reliably with
lower running costs. Centrifugation is but one process in the recovery of yeast from the
fermentation process (yeast cropping). Yeast cropping can also be automated using a Yeast
Monitor so that among other things only viable yeast is stored ready for re-pitching (Figure

13) (Boutlon and Clutterbuck, 1993; Carvell, 1997; Siems, 1997).

ANIMAL CELLS
Biotechnological processes performed at a semi-pilot or industrial scale using mammalian
cells lack appropriate probes to evaluate on-line, in real-time, non-invasively and reliably, the

biomass content of a bioreactor (Kell et al., 1990; Konstantinov et al., 1994).
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The application of the Biomass Monitor to animal cell culture monitoring has only
occurred in earnest in the last few years (Cerkel et al., 1993; Degouys ef al., 1993; Beving et
al., 1994; Davey et al., 1995; Noll, 1995; Noll et al., 1996; Noll and Biselli, 1998; Davey et
al., 1997; Guan and Kemp, 1997; Guan et al., 1998; Zeiser et al., 1999). In these works the
Biomass Monitor has been used to study the growth of a wide variety of animal cells whether
in suspension or in an immobilised state.

Cerckel et al. (1993) investigated the dielectric properties of Chinese Hamster Ovary
(CHO 320) cells and HeLa cells grown in suspension culture at a concentration of 0.5-3 x 10°
cells.ml” and scanned at frequencies between 0.2 and 10MHz using a BM. Cell numbers were
determined using a Coulter counter model Z;, and a linear relationship between capacitance
and cell number was observed. Low-frequency dielectric spectra did however prove to be
unreliable due to the high conductance of the growth medium and the corresponding increase
in electrode polarisation. It was found that using 0.5 MHz as the measuring frequency gave
the best compromise in terms of loss of sensitivity verses quality of biomass evaluation.

Zeiser et al. (1999) grew batch suspension cultures of Spodoptera frugiperda Sf-9
(insect cells) which were infected with a baculovirus expressing recombinant 3-galactosidase.
Permittivity measurements were made on-line using a Biomass Monitor set at a frequency of
0.6MHz. It was observed that during the growth phase there was an increase in the relative
permittivity; this reflected an increase in viable cell numbers which remained broadly
matched with permittivity during the time-course of the experiment. From these data the most
appropriate point on the growth curve for the addition of the baculovirus could be determined.
The virus initiates the arrest of cell division, and the infected cells increase in size eventually
lysing and releasing the recombinant protein. The use of dielectric spectroscopy allowed for
the optimisation of the time of infection and hence lead to the maximum yield of the
recombinant protein.

Macroporous carriers are a useful means of increasing the numbers of cells in a
culture which can be low particularly in batch cultures using CHO 320 cells (Guan and

Kemp, 1997). One of the problems in using macroporous carriers to cultivate animal cells in
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culture has been to assess cell viability on-line; this is because many of the cells inhabit the
macroporous infrastructure of the bead. Guan and Kemp (1997) measured the cell
concentration of CHO 320 cells grown on Cytopore 1 microcarrier beads (Pharmacia) using
off-line protein estimations and compared them to dielectric measurements made using a BM.
The results indicated that the dielectric estimations of biomass in the microcarriers was more
accurate than the protein estimations and was also able to give a viable cell count.

Degouys et al. (1993) used the Biomass Monitor to evaluate the concentration of
anchorage dependant HTC cells grown on Cytodex 3 (Pharmacia) in spinner vessels.
Capacitance values measured at 0.8 MHz on the Biomass Monitor were compared to
measurements from a Coulter counter Zy,. It was found that the cellular biomass estimations
made from the Biomass Monitor were extremely accurate when seeded concentrations of
Cytodex of 5g/L and higher were used. These microcarrier concentrations are those
commonly used in the biotechnology industry for the mass production of recombinant
anchorage-dependent cells.

Davey et al. (1997) used suspensions of immobilised Chinese Hamster Ovary (CHO
320) cells which had been genetically adapted to produce interferon-y to evaluate the
relationship between capacitance and the concentration of viable cells. Dielectric data were
compared with data from a Coulter counter (Model D) and from flow cytometry, comparisons
were also made with traditional microscope counts (haemocytometer) and to the fluorescein
diacetate and ethidium bromide viability assay. An excellent relationship was again observed
between capacitance and viable cell number. This is important as the conventional means of
assessing biomass are not possible with immobilised cells.

Guan et al. (1998) combined on-line BM and microcalorimetric measurements to
control a stirred aerobic batch culture of CHO 320 cells which had been genetically modified
to produce human interferon-y. This approach was chosen as cell growth is associated with an
enthalpy change which is a direct reflection of metabolic rate. A specific heat flow

measurement was acheived by dividing heat flow rate by the capacitance of the cell
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suspension with detection limits of ca. 2.0x10° W.cm™ and 1.4x10° cells.cm™ respectively.
The results of this work have led to the patenting of a specific heat flow sensor as a means of
metabolic control of mammalian cell cultures with the advantages of on-line reliability,
robustness and with long term advantages in the way of little recurrent cost to the user.

Noll and Biselli (1998) evaluated the BM using immobilised hybridoma cells grown
in continuous suspension in a fluidised bed bioreactor batch culture. Both capacitance and
conductance were measured on-line at a frequency of 0.6MHz, while control measurements
were made off-line to ascertain cell density. The capacitance data provided information that
led to computer optimisation of on-line medium dosing as it was found that a constant ratio
existed between glutamine consumption and capacitance. This allowed a closed loop control
of the medium feed rate, which was directly linked to the capacitative signal produced by the

Biomass Monitor during the entire course of a continuous fermentation.

PLANT CELLS
Markx et al. (1991c) measured the biomass of plant cell suspensions of Festuca arundinacea
using the on-line measurement of the permittivity of the culture with a BM and also by
measuring the conductivity of the suspending medium and the cell suspension as a whole
using a “Bruggeman probe” connected to a bench conductivity meter. The Bruggeman
method of biomass estimation (Bruggeman, 1935; Lovitt et al., 1983) proved accurate and
could be applied on-line and it also gave results which correlated with biomass concentrations
as determined from measurements of the radio-frequency dielectric permittivity of the culture.
However the Biomass Monitor’s results based upon dielectric permittivity were more
convenient to use on-line as no mechanical pumping was required. Although one has to say
that the Bruggeman approach has the potential to form a very cheap biomass measuring
system for systems where the cells/immobilised cells settle out very quickly or can be easily
filtered.

Further work by Markx et al. (1991d) showed that dielectric spectroscopy using a BM

could be used to measure the shear sensitivity of plant cells by measuring the permittivity fall
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in a plant cell suspension culture under shear stress. This was demonstrated using suspension
cultures of Cathararanthus roseus, Nicotiana tabacum, Cinchona robusta and

Tabernaemontana divaricata. All of the cultures showed an initial rapid decline in viable cell
number followed by a slower decline as observed dielectrically. These results were compared
with fresh weight, dry weight, packed cell volume and cell number. It was concluded that the
sensitivity of the cells to shear stress depended strongly on the cell line but only slightly upon

the cell's age.

Conclusions

It is clear from the many publications cited that capacitative (dielectric) biomass
measurements are generally an accurate and reliable method of determining viable cellular
biomass, both on- and off-line. However of the several instruments that have been used to
make these measurements it is only the Biomass Monitor and its derivatives that can be used
for "off-the- peg" applications, particularly within an industrial environment.

The Biomass/Y east Monitor continues to be incorporated and exploited within the
brewing and pharmaceutical industries, with its use being not purely for measurement but also
as a control instrument, capable of controlling valves, centrifuges etc. Within the brewing
industry the Yeast Monitor has been utilised in the control of yeast pitching, yeast
reclamation, the monitoring of cell growth and feed rate control for beer recovery processes.
The use of the Yeast Monitor has in some breweries wholly superseded traditional methods of
yeast measurement and has led to greater process performance, with important capital cost
savings.

Perhaps the major future advances in dielectric biomass estimation will come with
fully-developed instruments that can operate below 100 kHz without significant electrode
polarisation effecting the results. This would not only give more reliable biomass estimations
but would allow the study of low-frequency dielectric phenomena related to cell surface

charge effects (the a-dispersion). The extension of dielectric studies from the linear to the
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nonlinear domain has already begun (Woodward and Kell 1990; Woodward et al., 1996) and

could lead to important new on-line methods of monitoring cell physiology.
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Legends

Figure 1. When an electric field is applied to a suspension of cells in an aqueous ionic
solution, the positive ions are pushed in the direction of the field and the negative ions in the
counter direction. The ions can only move so far until they encounter the cell's plasma
membranes, which prevents further movement. This results in a charge separation or

polarisation at the poles of the cells.

Figure 2. Figure I showed the applied electric field pointing in one direction only. If the
direction of the electric field is reversed then the only effect is to change the polarity (but not
the magnitude) of the polarisations of the cells. This results in the measured capacitance of

the cells remaining unchanged.

Figure 3. The capacitance of a cell suspension as a function of frequency shown along with
the equivalent polarisations of the cells (the field is shown in one direction only). (A) is at
approximately 0.1MHz and many ions have time to reach the cells' plasma membranes before
the electric field is reversed. As the frequency is increased over 1 MHz ((B)), fewer ions
reach the cells' plasma membranes resulting in reduced membrane polarisation and hence the
suspension's capacitance is lower. At very high frequencies typically over I0MHz ((C)) fewer
ions have time to polarise the cell membranes before the field is reversed, this results in fewer
polarisations and hence to a negligible contribution to the measured capacitance. Also shown
on the figure are the terms used to describe a dispersion curve. The residual high-frequency
capacitance is called C, and the height of the low-frequency plateau above this is the
capacitance increment (AC). When the fall in capacitance is half completed we have the
characteristic (critical) frequency (f.) and the steepness of this fall in capacitance is

characterised by the Cole-Cole a.
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Figure 4. This shows a plot of permittivity increment (Ag) verses cell numbers/ml (N) as
calculated using Equation 4. The three cell radii (r) used were 2, 4 and 6 um these correspond
to the lines (A), (B) and (C) respectively (C, was assumed to be 0.01 F.m™). From Equation 4
one can see that the gradient of these lines depends on the fourth power of the radius of the

cells.

Figure 5. From this simulation we can observe the effects of cell morphology on the [3-
dispersion (at a constant volume fraction of 0.05). The lowest of the lines corresponds to a
spherical yeast cell with a radius of 3um. In the subsequent traces the yeast cell has been
drawn-out into a hypha of increasing length. The cross section of this hypha is a circle of
radius 3um and each line above that of the sphere corresponds to an increase in total length of
a further 6pm up to the top trace of tip-to-tip length of 60um. The cells are assumed to be a
homogeneous population of randomly orientated rigid prolate spheroids of revolution lacking
a cell wall and with a completely insulating plasma membrane. The other assumptions are:
membrane thickness =4nm; membrane permittivity =4.5 (C,, is thus 0.01 F.m™); suspension
medium & =80; suspension medium o =0.8 S.m™'; cytoplasmic & =60 and the cytoplasmic &

=0.5 S.m"'". The BM's frequency range is denoted by the two vertical lines.

Figure 6. A hypothetical frequency scan of a cell suspension (solid line) showing the
contribution of electrode polarisation at low frequencies. The dashed line indicates the true
low-frequency plateau of the B-dispersion unadulterated by electrode polarisation. Also
shown on the figure are the typical spot frequencies (f-low and f-high) at which single- and

dual-frequency biomass estimations are made on the BM.

Figure 7. The effect of increasing the Cole-Cole a of the B-dispersion seen within the BM’s

frequency range. The plots are for a B-dispersion with AC = 20pF, f. = 1.5MHz, C,, 5pF and
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in ascending order are a values of 0.1, 0.2, 0.3, 0.4 and 0.5 respectively. It can be seen that as
the o value increases the spot measuring frequencies are progressively off the plateaux. At
very high Cole-Cole a values the B-dispersion can fail to reach either of its plateaux within
the BM’s available frequency range; this can therefore reduce the quality of biomass

measurements.

Figure 8. The effect on biomass measurements resulting from the movement of the j3-
dispersion’s f, when the f-low frequency used to estimate AC is on and off the low-frequency
plateau of the B-dispersion. Line (A) shows the capacitance verses frequency plot for a
hypothetical cell suspension at a given f, value. In line (B) the f; has moved to a lower
frequency and this has resulted in an artefactual decrease in the estimate of AC and hence
biomass concentration estimated with the f-low off the plateau but not for the one on the
plateau. Line (C) shows the effect of the f. moving to a higher frequency than that of line (A).
This time there is an artefactual increase in the biomass estimated using the f-low off the
plateau. Once again using an f-low on the plateau prevents this artefact from occurring. These
artefactual changes in the estimation of AC (and hence biomass concentration) due to changes

in f, are called “f.-offset” errors.

Figure 9. A Biomass Monitor system contained in a water proof housing (background)
suitable for an industrial installation. The system consists of a Biomass Monitor (bottom)
linked to a Muliplexer Controller (middle) and a Multiplexer (top). For clarity only two
probes and cabling are shown connected to the system (foreground). The probes fit into
standard 25mm fermentor ports and are screwed into head amplifiers (small boxes) that do

some signal conditioning prior to passing the measured signal to the main BM units.

Figure 10. The growth of the filamentous fungus Rhizopus oligosporus on soya beans during

the solid substrate tempe fermentation. For details of the methods used see Davey et al.
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(1991). This figure compares the variation of hyphal growth in km of hyphae per gram of
dried tempe (open circles) with capacitance (pF) (closed circles) over the course of the
fermentation. The capacitance data were recorded continuously, on-line and in real-time using
a BM but only the data points corresponding to the off-line hyphal length measurements are
shown. There is an excellent linear relationship between capacitance and hyphal length
throughout the 48 hour growing period. During the lytic phase the body of the tempe
collapses away from the beans as the cells lyse. The loss of intact membranes causes the
capacitance to fall while hyphal length remains unchanged as this is based on the

measurement of the unaffected cell walls

Figure 11. The growth of yeast in an air-lift fermentor (see Harris et al. 1987 for full details
of the methods used). (a) The on-line real-time estimation of biomass using a BM. The
capacitance of the suspension was measured at 0.3MHz using single-frequency biomass
measurements. (b) The data from (a) plotted against the equivalent off-line optical densities
(after appropriate dilution) measured at 600nm. An almost perfect linear relationship between

the two methods of accessing biomass is demonstrated.

Figure 12. A schematic diagram of an automated pitching rate control system incorporating a
Yeast Monitor to ensure an accurate amount of viable yeast slurry is delivered from a yeast
storage vessel to the fermentor. The brewer sets the amount of yeast to be pitched and the
timing of the pitch within the brew. The system then monitors the concentration of viable
yeast passing the probe in the pitching main. The resulting concentration signal is then
integrated with the output from the flow meter, giving a measure of the amount of viable
yeast pitched into the fermentor. When the target is reached the controller will turn off the
yeast pump. With the addition of a flow meter in the wort line the wort flow can be used to
control the viable yeast rate and hence provide continuous pitching over the entire length of

the brew (Carvell, 1997).
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Figure 13. This photogragh shows a Yeast Monitor (background) installed in a working
brewery environment (Bass PLC, U.K.). This system utilises the Yeast Monitor to
automatically control yeast cropping, thereby ensuring that waste is minimised and the

storage of viable yeast suitable for re-pitching, is maximised.
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