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effects of electrode polarization when again used in conjunction with an HP4 l 92A. 
They used a modified front-end from that of Bragos et al. ( 1996), using a common­
mode feedback voltage and a high input impedance instmmentation 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 insu11ment based upon electromagnetic 
induction. It consists of a Hewlett-Packard E5050A 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 100 kHz to 20 MHz (Asami and 
Y onezawa, 1995; Asami et al., 1996; Siano, 1996). 

Siano (1996) used the Colloid Dielectric Probe with data acquisition from 75 kHz 
to 30 MHz to measure the biomass of suspensions of aerated and agitated Escherichia 
coli, Saccharomyces cerevisiae, hybridoma cells, Chinese Hamster Ovary and two 
unnamed 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) tF rather than 
the pF mnge. 

Biomass measurements on model systems and real wol"ld industrial 
applications using the Biomass Monitor 

REQUIREMENTS FOR AN INDUSTRIAL BIOMASS MONITORING INSTRUMENT 

As we have emphasized 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 instru­
ments. The major design consideration for an instrnment 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 calibrntions required must be infrequent and 
simple, and the electrical output of the data has to be compatible with industrial 
fem1entor monitoring systems. 

The design of the electrodes is critical. The system should not be overly susceptible 
to electrode polarization, and there should be an in situ 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 
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Figure 1.9. A Biomass Monitor system contained in a waterproof housing (background) suitable for an 
industrial installation. The system consists of a Biomass Monitor (botlom) linked io a Muliplcxcr Cor11rol lcr 
(middle) and a Multiplexer (top). For clarity. only two probes and cabling arc shown connected to the 
system (foreground). The probes fit into standard 25 mm fcrmentor po1ts and arc screwed into head 
amplifiers (small boxes) that do some signal conditioning prior to passing the measured signal lo the Ill<lin 
BM units. 

pressures and repeated i11 situ chemical/heat sterilization 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 1.9) (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, J 980), due to the hydrophobicity or amphipathicity of such molecules 
and their ability to partition into, and to dissolve, such membranes (Seeman, 1972}. 
Therefore, a screen based on the assessment of membrane damage is indicated. 
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Stoicheva et al. (1989) noted the effects of octanol upon the ~-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. (1993b) noted a reduction in cell 'viability' 
after solvent exposure, according to the methylene blue and ethidium bromide tests. 
This emphasizes 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 biocompatibility. 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 0.1 MHz~ 10 MHz 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 numberofbiocides were 
assessed, including cetrimide, chlorine and glutaraldehyde. Chlorine both removed 
and inhibited further biofilm 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. 

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, l ,500 litre and 2,000 liu-e total bioreactor volumes. They used Saccharo­
myces cerevisiae, Pitchia pastoris and Streptomyces virginiae for bioma')S 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 pruticularly 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 e1ythraea 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 detennined by dry weight methods. 
and that the Biomass Monitor was unaffected by mycelial fragmentation and a 
lowe1ing of viscosity. 
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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 ce1ls in order to overcome this problem using the accretion of 
tempe as a biological model (Figure 1.10). 

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 ( 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 3-7 mm into 
the substrate. Fermentations were fo1lowed over a period of five days and samples 
were 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 coefficient<> 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 
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Figure 1.10. The growth of the filamentous fungus Rhiwpus oligosporus on soya beans during the solid 
substrate tempe fcnnentation. For details of the methods used see Davey et al. (1991 ). This figure compares 
the variation of hyphal growth in km of hyphae per gram of dried tempc (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 
measurement.~ 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, a~ this is based on the measurement of the unaffected cell walls. 
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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 0.3 MHz. It was concluded that the on­
linemeasurementoffungal biomass via capacitance was extremely usefulindetermining 
the effect of pota'>sium 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, Penaloza et al. (I 992) used the Biomass Monitor at a single set 
frequency of 0.3 MHz to optimize the solid-substrate tempe fermentation of Chenopo­
dium quinoa Willd by Rhiwpus oligosporns 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 620 g.kg-1, an initial pH of 6.4, and an inoculum of 3 x 104 colony­
fonning units of strain UCW-FF8001 per gram of substrate. 

YEAST 

Fermentations 

The dielect1ic properties of yeast cell suspensions have been studied in great depth 
both on- and off-line by many authors (eg Asami and Yonezawa, 1996; Harris et al., 
1987; Kell, I 987b; Kell et al., 1987; Davey et al., 1992; Asami et al., 1999). In fact, 
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 {Hanis et !ll., 1987) was on studies of yeast growing in 
an airlift fermentor (Figure 1.11 a and h). Leading on from this work, further research 
has led to other yeast studies and applications. 

Salter et al. ( 1990) desc1ibed a novel method of yeast cell immobilization in 
ceramic microspheres that 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 colonized 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 1 mg dry wt.m1·· 1 = 39.6 x 106 cells.mt-1 = 1.74(6) pF. Overall, the 
Biomass Monitor proved to be very reliable, in-espective of whether the cells were 
resting or growing. 

Kronlof ( 1990) monitored immobilized yeast cells in a continuous brewery fer­
mentation that, 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 immobilization system and how co 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 tmditional protein estimation methods to calculate biomass. 
Several biomass determination methods were evaluated: gravimetric, haemocytometer, 
methylene blue, ATP determination and glycogen estimation. The results were 
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Figure l.ll. 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 bioma~s using a BM. The capacitance of the 
suspension was measured at 0.3 MHz using single-frequency biomass measurements. (b) The data from (a) 
ploned against the equivalent off-line optical densities (after appropriate dilution) measured at 600 nm. An 
almost perfect linear relationship between the two methods of accessing biomass is demonstrated. 

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 Biomass 
Monitor is equally suitable for viable biomass estimations in both suspended and 
immobilized systems. 

The Biomass Monitor has also found a significant niche in fermentation process 
control (Kronlof, 1990; Kronlof, 1991; Markx et al., I991b; Austin et al., 1994; 
Davey et al., 1996). Markx et al. (1991b) grew baker's 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 permit­
tivity of the culture. Dielectric biomass estimations were made using the two-frequency 
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method at 0.4 MHz and 9.5 MHz. Other parameters were also compared to the 
permittivity data at each setpoint to validate the fermentor control. These included dry 
weight, fresh weight, the optical density at 600 nm, 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 relation­
ships 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) utilized the Biomass Monitor in a control loop to 
maintain set-point levels in a cyclic reactor under peiturbations. A linear relationship 
was found between capacitance measurements and cell counts of brewer's yeast 
suspensions and, impmtantly, a conelation was also demonstrated between capaci­
tance and viable biomass concentration. 

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 fe1mentation 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 
predete1mined 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 (Frnser, 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 et al., 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 fennentation problems, as over-pitching can be the cause of poor yeast 
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Figure 1.12. A schematic diagram of an automated pitching rate control system incorporating a Yea~! 
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 pa~sing 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 tum off the yeast 
pump. With the addition of a flow meter in the wort line, the wort flow can be used to eontrol the viable yeast 
rate and hence provide continuous pitching over the entire length of the brew (Carvell, 1997). 

vitality, reduced hop utilization, and variable consistency in terms of product 
flavour and process optimization. 

For the purposes of estimating on-line viability of yeast, the 3 I 6B Yeast Monitor 
was developed from the BM specifically for the brewing industry. The Yeast Monitor 
is capable of measuring the viable yeast count per ml directly on-line and is unaffected 
by trub, proteins or gas bubbles. The 3 I 6B was evaluated by a major British brewing 
company (Bass Brewery PLC, High Street, Burton-on-Trent, Staffordshire DEI4 
IJZ, U.K.) and their results were presented at the 22"d European Brewing Convention 
(Boulton et al., 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 100 mg.ml-1 dry weight or 1 x 109 cells.mJ-1

• 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 tum 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 1.12), which was later implemented in the breweries of 
many companies worldwide. Leading on from this ru1icle, the application of the Yeast 
Monitor to control yeast pitching rates received further attention: Boulton et 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, U.S.A. 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 
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Figure 1.13. This photograph shows a Yeast Monitor (background) inst;llled in a working brewery 
environment (Bass PLC. U.K.). This system utilizes the Yeast Monitor lo uu1om;1tic;1lly control yens! 
cropping, thereby ensuring that waste is minimized and the storage of viable yc<1st suirnble for rc-pi!~hing, 
is maximized. 

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 formentors that were 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 intetfere with the spin down method. 

During 1993, Alfa Laval Brewery Systems, Sweden, launched the Dynapitch 
controlled yeast pitching system, which at its hem1 is controlled by a 3168 Yeast 
Monitor. This instrument was evaluated by Dymond et al. (1994} and is a self­
contained, skid-mounted, computer-controlled module designed to minimize the 
requirements for on-site engineering and installation. The system is currently in­
stalled 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 utilizes 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 that is not well understood. Fu11her 
development work by Aber Instruments has led to the 800 series Lab Yeust Analyser 
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(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 optimize, 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 1.13) (Boulton and Clutterbuck, 
1993; Carvell, 1997; Siems, 1997). 

ANIMAL CELLS 

Biotechnological processes performed at a semi-pilot or industrial scale using mam­
malian 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). 

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 et 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 
immobilized 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 106 cells.mt-1 and scanned at frequencies between 0.2 and I 0 MHz 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 polarization. It was 
found that using 0.5 MHz as the measuring frequency gave the best compromise in 
terms of loss of sensitivity versus quality of biomass evaluation. 

Zeiser et al. (1999) grew batch suspension cultures of Spodopterafrugiperda Sf-9 
(insect cells) which were infected with a baculovirus expressing recombinant ~­
galactosidase. Pennittivity measurements were made on-line using a Biomass Monitor 
set at a frequency of 0.6 MHz. It was observed that during the growth phase there was 
an increase in the relative permittivity; this reflected an increase in viable cell 
numbers that 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 optimization 
of the time of infection, and hence led to the maximum yield of the recombinant 
protein. 
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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 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 I 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 z.. It was found that the cellular biomass 
estimations made from the Biomass Monitor were extremely accurate when seeded 
concentrations of Cytodex of 5 g/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 immobilized Chinese Hamster Ovary 
(CHO 320) cells that 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 (haemo­
cytometer) 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 immobilized cells. 

Guan et al. (1998) combined on-line BM and microcalorimetric measurements to 
control a stin-ed aerobic batch culture of CHO 320 cells that 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 achieved by dividing heat flow rate by the 
capacitance of the cell suspension with detection limits of ca. 2.0 x J0·6 W.cm-3 and 
1.4 x 105cells.cm-3 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 immobilized hybridoma cells 
grown in continuous suspension in a fluidized bed bioreactor batch culture. Both 
capacitance and conductance were measured on-line at a frequency of0.6 MHz, while 
control measurements were made off-line to ascertain cell density. The capacitance 
data provided infmmation that led to computer optimization 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. 
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PLANT CELLS 

Markx et al. (1991 c) measured the biomass of plant cell suspensions of F estuca 
arundinacea using the on-line measurement of the permittivity of the culture with a 
BM, and also by measming 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, I 935; 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 Moni­
tor'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/immobilized cells settle out very quickly or can be easily 
filtered. 

Further work by Markx et al. ( 1991 d) showed that dielectric spectroscopy using a 
BM could be used to measure the shear sensitivity of plant cells by measuring the 
pem1ittivity fall 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 detem1ining viable 
cellular biomass, both on- and off-line. However, of the several instrument-; 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 
indusuial environment. 

The BiomassN 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 utilized 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 polarization affecting 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 non-linear domain has already begun (Woodward and 
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Kell, 1990; Woodward et al., 1996) and could lead to important new on-line methods 
of monito1ing cell physiology. 

Acknowledgements 

We thank the United Kingdom Biotechnology and Biological Sciences Research 
Council and the Wellcome Trnst for their financial support. John Yardley is a CASE 
student with Aber Instruments (Aberystwyth, Wales). We thank Drs. Bob Todd and 
Hazel Davey for useful discussions. 

References 

ASAM!, K. AND YONEZAWA, T. (1995). Dielectric behaviour of non-spherical cells in culture. 
Biochimica et Biophysica Acta 1245, 317-324. 

ASAM!, K. AND YONEZAWA, T. ( 1996). Dielectric behavior of wild-type yeast and vacuole­
deficient mutant over a frequency runge of 10 kHz to 10 GHz. Biophysical Journal 71, 
2192-2200. 

ASAM!, K., HANNA. T. :\ND KOIZUMA, N. ( 1980). Dielectric analysis of Eshcherichia coli 
suspensions in the light of the theory of inte1facial polarisation. Biophysical Jounwl 31. 
215-280. 

ASAM!, K., Y ONEZA w A, T.' WA KAMA TSU' H. AND KOYANAGI, N. { 1996). Dielectric spectroscopy 
of biological cells. Bioelectrochemisfl)' and Bioe11erge1ics 40, 141-145. 

ASAM!, K., GHEORGHIU, E. AND YoNEZAWA, T. (1998). Dielectric behavior of budding yeast 
in cell separation. Biochimica et Biophysica Acta 1381, 234-240. 

ASAMJ, K., GHEORGHJU, E. AND YONEZAWA, T. (1999). Real-time monitoring of yeast cell 
division by dielectric spectroscopy. Biophysical Journal 76, 3345-3348. 

AUSTIN, G.D., WATSON. R.W.J. AND D'AMORE, T. (1994). Studies of on-line viable yeast 
biomass with a capacitance biomass sensor. Biotech110/ogy mul Bioe11gi11eeri11g 43, 337-
341. 

BARER, M.R.. KAPRELY ANTS, A.S .. WEICMART, D.H., HARWOOD, C.R. AND KE.LL, D.8. ( 1998). 
Microbial stress mid culturability: conceptual and operational domains. Microbiology UK 
144, 2009-20!0. 

BEVING, H., ER!CKSSON. L.E.G., DA VEY, C.L. t\ND KELL, D.B. ( 1994). Dielectric properties of 
human blood and erythrocytes at radio frequencies (0.2-10 MHz); dependence on cell 
volume fraction and medium composition. European Biophysics Journal 23, 207-215. 

BEVINGTON, P.R. ( 1969). Daw Reduction and Error Analysis for the Physical Sciences. New 
York: McGraw-Hill. 

BOCKR!S, J. O'M. AND REDDY, A. ( 1970). Modem Eleclrochemistry, Vols I and 2. New York: 
Plenum Press. 

BOLK, W.T. ( 1985). A general digital linearising method for transducers. Jounwl of Physics E: 
Sdemific l11s1ru111ents 18, 61-64. 

BOULTON, C.A. AND CLU'ffERBUCK, V.J. ( 1993). Application of a radio frequency pennittivity 
biomass probe to the control of yeast cone cropping. Proceedings of 1/ie 24'1' European 
Brewing Co11vellfio11, Oslo. pp 509-516. 

BOU!. TON, C.A.. MORGAN, P.S. AND LOVERIDGE, D. ( 1989). The application of a novel biomass 
sensor to the control of yeast pitching rate. Proceedings of rhe 22'"1 European Brewing 
C om•ellfion, Zurich. pp 653-661. 

BOULTON, C.A., JONES, A.R. i\ND HINCHCLIFFE, E. ( 1991 ). Yeast physiological condition and 
fe1mentation perfonnance. Proceedings of !he 24111 European Brewing Cmwel/[ion, Lis­
bon. pp 385-392. 

BRAGOS, R., YANEZ, A., RIU, P.J., TRESANCHEZ, M., WARREN, M., CARRENO. A. AND CINCA, 

J. ( 1996). Espectro de la impedancia de miocardio porcino in situ durante ischemia. Pa rte 
I: sistema de medida. XIV. Congreso A111111a! de la Sociedad E.1pa110/11 de l11gc11ieria 
Biomedirn. Pamplona. Spain. pp 97-99. 



Measurements of Cellular Biomass 31 

BRAGOS, R., GAMEZ, X., CAIRO, J., RIU, P.J. AND GODIA, F. (1998). Biomass monitoring using 
impedance spectroscopy. Proaedi11gs of the X I11tenwtional Conference 011 Bio Electrical 
Bio-lmpeda11ce, Barcelona, Spain. pp 337-340. 

BRUGGEMAN, D.A.G. (1935). Berechnung verschiedener physikalischer Konstanten van 
heterogrnen Substanzen. l. Dielectrizitatskonstanten und Leitfahigkeiten der Mischkorper 
aus isotropen Substanzen. A1111ale11 der Physik 24. 636-679. 

CARVELL. J.P. (1994). Automatic yeast pitching control using a yeast sensor. 111e Brewer 80, 
57-59. 

CARVELL, J.P. (l 997). Development in on-line monitoring of viable yeast in the brewing 
process. l11stit11te of Brewing (Asia Pacific Section), Regional Technical 5)mposia in April. 
pp 261-265. 

CERKEL, I.. GARCIA. A., DEGOUYS, V., DUBOIS, D., FABRY, L. AND MILLER, A.0.A. (1993). 
Dielectric-spectroscopy of mammalian-cells: Evaluation of the biomass of He la-Cell and 
CHO-Cells in suspension by low-frequency dielectric spectroscopy. Cytoteclmology 13. 
185-193. 

CLEGG, J.S. (1984). Properties and Metabolism of the Aqueous Cytoplasm and Its Boundaries. 
American Journal of Physiology 246, Rl33-Rl5l. 

COLE, K.S. (1972). Membranes Jons and Impulses. Berkley: University of California Press. 
COLE. K.S. AND COLE, R.H. (1941 ). Dispersion and absorption in dielectrics. I. Alternating 

current characteristics. Jmmwl of Chemical Physics 9. 341-351. 
COSTER. H.G.L. AND SMITH, J.R. (1974). The molecular organisation of bimolecular lipid 

membranes. A study of the low-frequency Maxwell-Wagner impedance dispersion. 
Biochimica et Biophysirn Acta 373. 151-164. 

DAVEY, C.L. (1993a). The Biomass Monitor Source Book. Aberystwyth, U.K.: Aber Instru­
ments. 

DA VEY, C.L. (I 993b). The theory of the rJ-dispe1:tio11 and its use in Ifie estimation of cel/11/ar 
biomass. Aberystwyth, U.K.: Aber Instruments. 

D1\ VEY, C.L. AND KELL, D.B. ( 1995). The Low-Frequency Dielectric Propc1ties of Biological 
Cells. In: Bioclectrochemistry: principles and practice. Vol. 2. Biordectmchemistry of cells 
and tissues. Eds. H. Berg and G. Milazzo, pp 159-207, Birkhauscr. 

DAVEY, C.L. AND KELL, D.B. (1998a). The influence of electrode polarisation on dielectric 
spectra, with special reference to capacitive biomass measurements ! . Quantifying the 
effects on electrode polarisation of factors likely to occur during fermentations. 
Bioelectroche111i.1·try and Bioenerge11ics 46, 91-103. 

DAVEY, C.L. AND KEtL. D.B. (1998b). The influence of electrode polarisation on dielectric 
spectra, with special reference to capacitive biomass measurements 2. Reduction in the 
contribution of electrode polarisation to dielectric spectra using a two frequency method. 
Bioelectmchemistry and Bioe11erge11ics 46, 105-1.14. 

DAVEY, C.L., MARKX, G.H. AND KELI., D.B. (1990). Substitution and spreadsheet methods for 
analysing dielectric spectra of biological systems. European Biophysics Joumal 18, 255-
265. 

DAVEY, C.L., PENALOZA, W .. KELI •• D.B. AND HEDGER, J.N. (1991}. Real-time monitoring of 
the accretion of Rhizopus oligospo111s biomass during the solid-substrate tempe fennen­
tation. World Journal qf'Microbiology and Biotech110/ogy 7, 248-259. 

DAVEY, C.L.. DAVEY, H.M. AND KELL, D.B. (1992). On the dielectric prope1ties of cell 
suspensions at high volume fractions. !Jioelectrochemist1y and Bioenergetics 28. 319-
340. 

DAVEY,C.L.. DAVEY, H.M., KELL,D.B. AND TODD, R.W. ( 1993a). Introduction to the dielectric 
estimation of cellular biomass in real time, with special emphasis on measurements at high 
volume fraction~. A11alytica Chimica Ac/a 279. 155-161. 

DAVEY. C.L., MARKX, G.H. AND KELL. D.B. (1993b). On the dielectric method of measuring 
cellular viability. Pure and Applied Chemistry 65. 1921-1926. 

DAVEY. C.L.. GUAN, Y .• KEMP, R.B. AND KELL. D.B. (1995). Real-time monitoring of the 
biomass content of animal cell cultures using dielectric spectroscopy. Proceedings of the 
Symposium 011 Process Analysis of Animal Cell C11lt11re (JAACT'95), Fukuoka, Japan. 6-· 
10 November. 



32 J.E. YARDLEY et al. 

DAVEY, C.L., GUAN, Y., KEMP, R.B. AND KELL, D.B. (1997). Real-time monicoring of the 
biomass content of animal cell cultures using dielectric spectroscopy. Animal Cell 
Technology: Basic and Applied Aspects 8, 61-65. 

DAVEY, C.L., TODD, R. AND BARRETT, J. (1999). From concept to market in industrial 
impedance applications. Jn: Electrical Bioimpeda11ce Methods. Eds. P.J. Riu, J. Rosell, R. 
Bragos and O. Casas, pp 239-244. New York: The New York Academy of Sciences. 

DAVEY, H.M., DAVEY, C.L., WOODWARD, A.M., EDMONDS, A.M., LEE, A.W. AND KELL, D.B. 
( 1996). Oscillatory, stochastic and chaotic growth rate fluctuations in pennittistatically 
controlled yeast cultures. BioSystems 39, 43-61. 

DAVEY, H.M., KAPRELYANTS, A.S., WEICl~ART, D.H. AND KELL, D.B. (1998). Estimation of 
microbial viability using flow cytometry. In: Current Prowcols in Cytometry: Volume I I 
Microbial Cytomet1y. Ed. J.P. Robinson, pp 1-20. New York: Wiley. 

DEGOUYS, V., CERKEL, l., GARCIA, A., BARFIELD, J., DUBOIS, D., FABRY, L. AND MILLER, 
A.O.A. (1993). Dielectric spectroscopy of mammalian cells: 2, Simultaneous in situ 
evaluation by aperture impedance pulse spectroscopy and low-frequency dielectric 
spectroscopy of the biomass of HTC cells on Cytodex 3. Cytotedmology 13, 195-202. 

DYMOND, G., HOGAN, A. AND OWEN, R. (1994}. Pitching the perfect amount of yeast. Brewe1:y 
Digest lntemational May, 24-25. 

EVERITT, C.T. A.,,.D HAYDON, D.A. (1968). Electrical capacitance of a lipid membrane 
separating two aqueous phases. Jo11mal of Theoretical Biology 18, 371-379. 

FEHRENBACH, R., COMBERBACH, M. AND PETRE, J.O. (1992). On-line biomass monitoring by 
capacitance measurement. Journal of Biotechnology 23, 303-314. 

FERRIS, C.D. (1974). Imrod11ction to Bioe.lectrodes. New York: Plenum Press. 
FERRIS, L.E., DA VEY, C.L. AND KELL, D.B. ( 1990). Evidence from its temperature dependence 

that the 13-dispersion of cell suspensions is not due solely to the charging of a static 
membrane capacitance. European Biophysics Journal 18, 267-276. 

FOSTER, K.R. AND SCHWAN, H.P. (1986). Dielectric properties of tissues In: CRC Handbook of 
Biological Effects of Electromagnetic Fields. Eds. C. Polk and E. Postow. Boca Raton, FL: 
CRC Press. 

FOSTER, K.R. AND SCHWAN, H.P. (1989). Dielectric properties of tissues and biological 
materials: a critical review. Critical Reviews in Biomedical E11gi11eeri11g 17, 25-104. 

FRASER, C.G. (1920}. The action of methylene blue and certain other dyes on living and dead 
yeast. Joumal of Physical Chemistry 24, 741-748. 

GAMEZ, X., SABES, M., BRAGOS, R., RIU, P.J., CAIRO, 1. AND GODJA, F. (1996). Biomass 
monitoring using multifrequency impedance measurements: relationship between particle 
size and electrical impedance. Proceedings of the ]"' European Symposium 011 Biochem. 
Eng. Sci., Dublin. pp 94. 

GERSING, E. ( 1991 ). Measurement of electrical impedance in organ-measuring equipment for 
research and clinical applications. Bimnedizinsche Technik 36, 6-11. 

GRANT, E.H., SHEPPARD, R.J. AND SOUTH, G.P. (1978). Die/e,·tric Behaviour of Biological 
Molecules in Solution. Oxford: Clarendon Press. 

GUAN, Y. AND KEMP, R. (I 997 ). The viable cell monitor: A dielectric spectroscope for growth 
and metabolic studies of animal cells on macroporous beads. Proceedings of the J51h 

E.S.A.C.T. meeting, Tours. Ed. O.W. Merton. Dordrecht: Kluwer. 
GUAN, Y., EVANS, P.M. AND KEMP, R.B. (1998). An on-line monitor and potential control 

variable of specific metabolic rate in animal cell culture that combines microcalorimetry 
with dielectric spectroscopy. Biotechnology and Bioengineering 58, 463-477. 

HANA!, T., HA YOON, D.A. AND TAYLOR, J. (l 964). An investigation by electrical methods of 
lecithin-in-hydrocarbon films in aqueous solutions. Proceedings of the Royal Society. 
Series A 281, 377-391. 

HANAI, T., HAYDON, D.A. A.ND TAYLOR, J. ( 1965). Polar group orientation and the electrical 
properties of lecithin bimolecular leaflets. Jo1mwl of Theoretical Biology 9, 278-296. 

HARRIS, C.M. AND KELL, D.B. ( 1983 ). The radio-frequency dielectric properties of yeast cells 
measured with a rapid, automated, frequency-domain dielectric spectrometer. 
Bioelectrochemistry and Bioenergetics 11, 15-18. 

HARRIS, C.M. AND KELL, D.B. ( 1985). The Estimation of Microbial Biomass. Biosensors 1, 17-
84. 



Measurements of Cellular Biomass 33 

HARRIS, C.M., TODD, R.W .. BUNGARD, S.H., LOVIIT, R.W., MORRIS, J.G. AND KELL, D.B. 
(1987). The dielectric permittivity of microbial suspensions at radio frequencies: a novel 
method for the estimation of microbial biomass. Enzyme Microbial Tech11ology 9, 181-
186. 

IRIMAJIRI, A., HANA{, T. AND INOUYE, A. (I 975). Evaluation of a conductometric method to 
detennine the volume fraction of the suspensions of biomembrane-bounded particles. 
Experiemia 31, 1373-1374. 

JONSCHER, A.K. (1983). Dielectric relaxation in solids. Chelsea Dielectrics Press, London for 
purely physical systems. 

JUNKER, B.H., REDDY, J., GBEWONYO, K. AND GREASHAM, R. (1994). On-line and in-situ 
monitoring technology for cell density measurement in microbial and animal cell cultures. 
Bioprocess Engineering 10, 195-207. 

KELL, D.B. (l987a). The principles and potential of electrical admittance spectroscopy: an 
introduction. In: Biosemors: Fundamentals and Applications. Eds. A.P.F. Turner. I. 
Karube and G.S. Wilson, pp 427-468. Oxford: Oxford University Press. 

KELL. D.B. (1987b). Forces, fluxes and the control of microbial growth and metabolism. The 
twelfth Fleming lecture. Journal of General Microbiology 133, !651-1665. 

KELL, D.B. AND DAVEY, C.L. (l 990). Conductimetric and impedimetric devices. In: Biose11sors: 
A Practical Approach. Ed. A.E.G. Cass. Oxford: Oxford University Press. 

KELL, D.B. AND TODD, R. W. ( 1998). Dielectric estimation of microbial biomass using the Aber 
Instruments biomass monitor. Trends in Biotechnology 16, 149-150. 

KELL, D.B. AND WOODWARD, A.W. (1991). Non-faradic electrochemical sensors: principles 
and practice. Analytical Proceedings 28, 378-379. 

KELL, D.B., SAMWORTH, C.M., TODD, R., BUNGARD, SJ. AND MORRIS, G. (1987). Real-time 
estimation of microbial biomass during fem1entations, using a dielectric probe. Studia 
biopysica 119, 153-156. 

KELL, D.B., MARKX, G.H., DAVEY, C.L. AND TODD, R.W. (1990). Real-time monitoring of 
cellular biomass: methods and applications. Trends in A11alytical Chemistry 9. 190-194. 

KELL, D.B., KAPRELYANTS, A.S., WEICHART,D.H .. HARWOOD, C.L. AND BARER, M.R. (1998). 
Viability and activity in readily culturable bacteria: a review and discussion of the practical 
issues. A111011ie van Leeuwenhoek 73, 169-187. 

KONSTANTINOV, K., CIWPPA, S., SAJA, E., TsAl, Y., YOON, s. AND GOLIN!. F. (1994 ). Real-time 
biomass-concentration monitoring in animal-eel! cultures. Trends in Biotechnology 12, 
324-333. 

KRAIRAK, S., YAMAMURA, K., NAKAJIMA, M .• SHIMIZU, H. AND SHIOYA, s. (1999). On-line 
monitoring of fungal cell concentration by dielectric spectroscopy. Jmmwl <~f Biotech­
nology 69, 115-123. 

KRONLOF, J. (1990). E<;timation of living biomass of brewers yeast on the basis of capacitance 
measurement. [In Finnish.] Eripainos Mallasja Olut 5, 140-149. 

KRONLOF. J. (1991). Evaluation of a capacitance probe for detennination of viable yeast 
biomass. Proceedings qf the Eumpean Brewers Congress, (in) Lisbon, European Brewing 
Convention. pp 233-240. 

LAVER, D.R., SMITH, J.R. AND COSTER. H.G.L. (!984). The thickness of the hydrophobic and 
polar regions of glycerol monooleate bilayers determined from the frequency-dependence 
of the bilayer capacitance. Biochimic(( et. Biophysica Acta 712. 1-9. 

LAWRENCE. D. ( 1992). The evolving science of brewing microbiology. European Microbiology 
1, 34-39. 

LEATHERBr'\RROW, R.J. (1992). GraFit Ve1:rio11 3.0. Staines: Erithacus Software. 
LOVl1T, R.W., WALTER, R.P., MORRIS, J.G. AND KELI .• D.B. (1983). Conductimetric assess­

ment of the biomass content of immobilised (gel entrapped) microorganisms. Applied 
Microbiology and Bio1eclmology 23, 168-173. 

MACA, H.W .. BARNEY' M., GOEl.lKE, G .. DANIELS, D. ANO RYDER, D. (1994 ). The use of radio 
frequency capacitance for the measurement of yeast viable biomass and its use in the 
automatic pitching of fennentations. MBAA Technical Quarterly 31, 146-148. 

MARKX. G.H. AND DAVEY, C.L. (1999}. The dielectric prope11ies of biological cells at radio 
frequencies: Applications in biotechnology. Enzyme Microbial Technology 25. 161-171. 



34 J.E. YARDLEY et al. 

MARKX, G.H. AND KELL, D.B. (!990). Dielectric spectroscopy as a tool for the measurement 
of the formation of biofilms and their removal by electrolytic cleaning pulses and biocides. 
Biofouling 2, 211-227. 

MARKX, G.H., DAVEY, C.L. AND KELL, D.B. (199lll). To what extent is the magnitude of the 
Cole-Cole o. of the f3-dispersion of cell suspensions explicable in terms of the cell size 
distribution? Bioelectrochemistry and Bioe11ergetics 25, 195-21 I. 

MARKX, G.H., DAVEY, C.L. AND KELL, D.B. (199lb). The pennittistat: a novel type of 
mrbidostat. Joumal of General Microbiology 137, 735-743. 

MARKX, G.H., DAVEY, C.L., KELL, D.B. AND MORRIS, P. (199lc). The dielectric permittivity 
at radio frequencies and the Bruggeman probe: novel techniques for the on-line determi­
nation of biomass concentrations in plant cell cultures. Journal of Biotechnology 20, 
279-290. 

MARKX, G.H., TEN HOOPEN, H.J.G., MEIJER, J.J. AND VINKE, K.L. (1991d). Dielectric 
spectroscopy as a novel and convenient tool for the study of the shear sensitivity of plant 
cells in suspension culture. Biotech110/ogy 19, 145-147. 

MARQUARDT, D.T. ( 1963 ). An algorithm for least squares estimation of non-linear parameters. 
Jo11111al of the Society for Industrial and Applied Mathematic.1· 11, 431-441. 

MATANGUIHAN, R.M., KONSTANTINOV, K.B. AND YOSHIDA, T. (1994). Dielectric measure­
ment to monitor the growth and the physiological states of biological cells. Bioprocess 
.E11gilleeri11g 11, 213-222. 

MISHIMA, K., MIMURA, A., TAKAHARA, Y., ASAMI, K. AND HANA!, T. (!99la). On-line 
monitoring of cell concentrations by dielectric measurements. Jo11111al of Fermentation 
and Bioe11gi11eeri11g 72, 291-295. 

MISHIMA, K., MIMURA, A. ANDTAKAHARA, Y. (199lb). On-line monitoring of cell concentrn­
tions during yeast cultivation by dielectric measurements. Joumal of Fer111e11tatio11 and 
Bioengineering 72, 296-299. 

MOSTELLER, F. AND TuKEY, J.W. (!977). Data Analysis and Regression. Reading, MA: 
Addison Wesley. 

NICHOLSON, D.J., KELL, D.B. AND DAVEY, C.L. ( 1996). Deconvolution of the dielectric spectra 
of microbial cell suspensions using mu!tivruiate calibration and aitificial neural networks. 
Bioelectrochemistry and Bioenergetic.1· 39, 185-193. 

NOLL, T. ( 1995). Dielectrical measurement of immobilised mammalian cells. Presented 011 11'1' 
October at Biotec/mia, Hannover. 

NOLL, T. AND BISELLI, M. ( 1998). Dielectiic spectroscopy in the cultivation of suspended and 
immobilised hybridoma cells. Joumal of Biotechnology 63, 187-198. 

NOI.L, T., BlSEl.l.l, M. AND WANDREY, C. (1996). On-line biomass monitoring of immobilised 
hybridoma cells by dielectrical measurements. [Poster ab.1·tr(1ct ji·om Symposium 011 
Animal Cell Technology; from Vaccines to Genetic Medicine ( 141,, meeting of E.S.A.C.1:). 
Algwve, Portllgal.], 20-24 May. 

PATEMAN, B.R. (1997). Improving yeast handling by in line monitoring of viability. Brewing 
& Distilling /111emmio11al 28, 57-59. 

PENALOZA. W., DAVEY. C.L., HEDGER, J.N. AND KELL, D.B. (1991). Stimulation by potassium 
ions of the growth of Rhizopus oligosporus during liquid- and solid-substrate fermentations. 
World Jouma/ of Microbiology and Biotechnology 7, 260-268. 

PENALOZA, w .. DAVEY, C.L., HEDGER, J.N. AND KELL, D.B. (1992). Physiological studies on 
the solid-stute quinoa tempe fermentation, using on-line measurements of fungal biomass 
production. Joumal of the Science of Food and Agriculture 59, 227-235. 

PETHIG, R. ( 1979). Dielectric and Electronic Properties of Biological Materials. Chichester: 
Wiley. 

PETHIG, R. AND KELL, D.B. ( 1987). The passive electrical propc1ties of biological systems: their 
significance in physiology, biophysics m1d biotechnology. Physics in Medicine and 
Biology 32. 933-970. 

PONS, M.N. (1991). Bioprocess monitoring a11d control. Munich: Hanser. 
PRESS, W.H., FLANNERY, B.P., TEUKOLSKY, S.A. AND VETrERLING, W.'l'. (1990). Numerical 

Recipies: The An of Sciemijic Co111p111i11g (FORTRAN Version). Cambridge: Cambridge 
University Press. 



Measurements of Cellular Biomass 35 

RIGAUD, B .. MORUCCI, J.P. AND CJ.JAUVEAU. N. (1996). Bioelectrical impedance techniques in 
medicine. I. Bioimpedance measurement - Second section: Impedance spectrometry. 
Critical Reviews in Biomedical E11gi11eeri11g 24. 257-351. 

SALmR, G.J. AND KELL, D.B. (1992). Rapid determination using dielectric spectroscopy, of the 
toxicity of organic solvents to intact cells. In: Frmdamentals <~f Hiocata/ysis in No11-
com•e11tio11al Media, pp 291-297. Amsterdam: Elsevier. 

SALTER. GJ. AND KELL, D.B. (1995). Solvent selection for whole cell biotransformations in 
organic media. CRC Critical Rel'iews i11 Hiotechno/ogy 15. 139-177. 

SALTER. G.J., KELL, D.B .• ASH. L.A., ADAMS, J.M., BROWN, A.J. ,\ND JAMES, A.J. (1990). 
Hydrodynamic deposition: a novel method of ce!I immobilisation. Enz.yme and Microbial 
Technology 12, 419--430. 

S;\RRA, M., ISON, A.P. AND LILLY, M.D. (1996). The relationships between biomass concen­
trations. determined by a capacitance-based probe, rheology and morphology of 
Saccharopolyspora erythraea cultures. Journal of /Jiotedmology 51. 157-165. 

SnlWAN. H.P. (1957). Electrical properties of tissue and cell suspensions. Advances in 
Biological and Medical Physics 5, 147-209. 

SCHWAN. H.P. (1963). Detennination of biological impedances. In: Physical Teclmiques in 
Biological Research, Vol. VlB. pp 323--407. New York: Academic Press. 

SC:llWAN, H.P. ( 1968). Electrode polarisation impedance and measurements in biological 
materials. Ne11• Y01* Academy <?f Sciences. Annals 148, 191-290. 

SCHWAN, H.P AND FERRIS. C.D. ( 1968). Four tenninal null techniques for impedance measure­
ment with high resolution. Rel'iew of Sciemific Instruments 39, 481--485. 

SCHWAN, H.P. AND MOROWITZ, H.J. (1962). Electrical properties of the membranes of the 
pleuropneumonia-like organism A 5969. Biophysical Journal 2, 395-340. 

SCHWAN. H.P .. TAKASHIMA. s., MIYAMOTO, V.K. AND STOCKENIUS. W. (1970). Electrical 
properties of phospholipid vesicles. !Jiophysical Jmmwl 10, I 102-1119. 

SEEMAN, P. (1972). The membrane action of anaesthetics and tranquilisers. Pharmacological 
Rel'iews 24. 583-655. 

SIANO, S.A. (1996). Biomass measurement by inductive permittivity. Biotechnology and 
Hioe11gi11eeri11g SS. 289-304. 

SIEMS. G. { 1997). First experience of using the yeast monitor. Brauwelt lntema1io11al l l. 132-
137. 

SONNLEITNER. B .. LOCHER. G. AND FIECHTER. A. (1992). Minireview: Biomass detennination. 
Joumal of Bio1ed111ology 25. 5-22. 

STO!CHEVA,N.G .. DAVEY,C.L., MARKX,G.H. ANI) KELL,D.B. ( 1989). Dielectric spectroscopy: 
a rapid method for the detennination of solvent biocompatability during biotrnnsformations. 
/Jiocatafrsis 2. 245-255. 

T AKASHTMA, s., ASAM!, K. AND T AKHASHI. y. ( 1988). Frequency domain studies of impedance 
characteristics ofbiological cells using micropippette technique. I. Erythrocyte. Biophysical 
Journal 54, 995-1000. 

TANFORD, C. ( 1980). The Hydrophobic /~{feet: Frmnation of Micelles and Biological Mem­
branes. New York: John Wiley. 

WOODWARD. A.M. AND KELL, D.B. (1990). On the nonlinear dielectric properties of biological 
systems. Saccharomyces cerevisiae. Bioelectmchemistry and /Jioe11ergetic.1· 24. 83-100. 

WOODWARD. A.M .. JONES. A., ZHANG. X., ROWLAND. J. AND KELL, D.B. (1996). Rapid and 
non-invasive quantification of metabolic substrates in biological eel! suspensions using 
nonlinear dielectric spectroscopy with multivariate calibration and artificial neural net­
works. Principles and applications. Bioelectrochemislry and Bioenergelics 40, 99-132. 

YARDLEY.J.E .. TODD, R .. NICHOLSON. 0.J .. BARRE1T.J.. KELL, D.B. ANDDAVEY,C.L. (2000}. 
Correction of the influence of baseline artefacts and electrode polarisation on dielectric 
spectra. Hioelec1mche111is1ry 51. 53-65. 

YELAMOS. D .. CASAS. 0., BRAGOS, R. AND ROSELL. J. (1998). Improvement of a front-end for 
hioimpedance spectroscopy. Proceedings of 1/ie X !11tematio11al conference on hio­
l'lectrical hio-impedance, Barcelona. Spain. pp 383-386. 

ZEISER. A .. BEDARD. C.. VOYER. R .. J.\HDl~. IL TO\!. R .. KARMEN. A.A. AND KARMEN. T. 
( 1999). On-line moni1oring of the progrcs> of infection in Sf-9 insect cell cultures using 
relative permitti-,ity measurements. liinil'durofo.~y and /Jioe11gi11eeri11g 63, 122-126. 






