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INTRODUCTION

This project involves the on-line determination of substrates/products and cell mass of microbial
bioprocesses and the substrates/products of animal cell cultures. The strategy adopted is the
development of a flow injection analysis (FIA) system used for the simultaneous detection of a
number of parameters from a single cell-free sample stream and the on-line detection of viable
biomass.

The manuscript is limited to a critique of the choice of parameters to be measured, development of
biosensors/ biochemistry based analysis systems and their incorporation in FIA.

CHOICE OF MEASURED PARAMETERS AND STRATEGIES ADOPTED

L. Determination of biomass

A number of techniques for on-line biomass determination have been described and can be
seperated into those which determine total biomass (both active and inactive cells) e.g. absorbance
measurement (Nielsen et al, 1990), multiple internal reflection spectrometry (Armiger, 1985),
acoustic resonance densitometry (Blake-Coleman et al, 1986) and those which indicate cellular
activity as well as total biomass e.g. NADH fluorescence (Scheper et al, 1986) and impedimetric
measurement (Harris and Kell, 1985). Our aim was to develop a system which measures the number
of metabolically active cells and perhaps their metabolic state. The latter point may be of more
importance for a number of bioprocesses, where the aim is the production of a metabolic product
rather than biomass.
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The detection technique adopted is that of bioelectrochemistry whereby the reduction of an electron
mediator is correlated with the active biomass present in the sample. The correlation is determined
by the current obtained from re-oxidation of the mediator which is detected amperometrically at a
suitably poised working electrode (Swain, 1987).

This principle has been incorporated into an FIA system where the microoganism containing sample
is combined with the mediator (potassium hexacyanoferrate (III), 50 mM) in a mixing chamber for
a fixed time period (4 mins); the time being chosen so as to allow sufficient metabolism of the
substrate and corresponding reduction of the mediator, prior to detection at a platinum working
electrode poised at  +400 mV (vs. Ag/AgCl as reference electrode). The carrier buffer, reagent
solution and reaction loop were maintained at 30°C. Contamination of the bioreactor was prevented
by overnight incubation of the flow paths in 5 % sodium azide solution.

The detection principle is limited in that only organisms which accept the mediator as electron
acceptor during some part of their metabolic pathway can be detected. The choice of mediator is
limited by a number of factors, it must be water soluble, non-toxic, oxygen insensitive and sufficiently
stable as to allow its application throughout the whole duration of a bioprocess.

Determination of both fungi (e.g. Beauveria bassiana, detection limit 1.9 g.I?) and bacteria (e.g.
Escherichia coli, detection range 4.7 x 10° - 2.4 x 10° colony forming units (cfu).ml™) was possible
with this system. The determination of E. coli showed not only the relationship between biomass
concentration and current but also the importance of the incubation period of mediator, substrate
and sample (Figure 1).
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Figure 1: Determination of E. coli at different concentrations using the flow-injection system.
Current: peak heights of flow-injection signals, time: reaction time between mediator and sample.
Corresponding cell counts: ¥ 2.4 x 10% V 9.4 x 10°; ® 4.7 x 10% O 9.4 x 107;

0 4.7 x 107; 0 4.7 x 10° cfu.ml™.

Taken from Ding and Schmid (1990).
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The suitability of this system, to on-line biomass determination, has been shown by application of the
system for determination of E. coli concentration during batch fermentation; where a good
correlation was observed between the electrochemical signal, biomass dry weight and absorbance
(Figure 2).
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Figure 2: Monitoring of an E. coli K12 DHS cultivation using the flow-injection system and standard
techniques. Time: cultivation time;¥ flow-injection system; v dry weight; ® absorbance at 546 nm.
Taken from Ding and Schmid (1990).

The FIA system provides full automation and allows determination of up to 10 samples per hour
(Ding and Schmid, 1990; Ding et al, 1991).

The FIA system for biomass determination is described in more detail in the manuscript of Ding,
Bilitewski and Schmid "Rapid determination of microbial biomass using flow injection analysis’ found
in this proceedings band.

IL. Determination of substrates/products

The substrates/products chosen were D-glucose, L-lactate and L-glutamine. Control of these three
parameters being of particular importance not only in microbial bioprocesses but also for animal cell
cultivation. The importance of glucose measurement is self explanatory whilst the choice of gluta-
mine and lactate warrants explanation.

Glutamine determination is of interest for both bacterial fermentations, for the production of
glutamine (for nutritional use), and animal cell culture, where a fine balance is required between
glucose and glutamine concentration (so as to regulate the amounts of lactate and ammonia ex-
creted).

Lactate is an important variable in a number of industrial fermentations (principally the dairy, beer,
wine and fermented food products industries) where it is an important factor for quality control and
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optimisation of product yield. Determination of lactate in animal cell culture may assist in moni-
toring the course of carbohydrate metabolism and hence cell development.

Lactate:

To date the work has been focussed on the development of a system for the amperometric deter-
mination of lactate, based on the use of lactate oxidase (E.C. 1.1.3.2 from Pediococcus sp.) immobi-
lised together with an electrochemical mediator or platinised carbon. Lactate oxidase catalyses the
following reaction;

L-Lactate + O,—# Pyruvate + H,0,

Amperometric biosensors constructed based on the use of this enzyme are usually based on the
determination of hydrogen peroxide (Fonong, 1987; Battersby and Vadgama, 1988; Bardelletti et al,
1986; Churchouse et al, 1986).

Generally the linear range of these sensors is limited by the enzymes low Michaelis constant (K,, =

0.8 mM), and the sensors developed have usually incorporated the use of membranes to act as

diffusion barriers so as to extend electrode linearity. Lactate electrodes have already been incorpo-

rated into FIA systems which has allowed extension of the working range up to 10mM (Petersson et
1, 1988, Haketa et al, 1990; Matsumoto et al, 1990).

Several amperometric biosensor systems have been developed based on the co-immobilisation of
lactate oxidase and lactate dehydrogenase (to amplify the signal) (Asouzu et al, 1990; Mizutani et al,
1985).

Immobilisation of lactate oxidase together with platinised carbon at a graphite electrode (Figure 3)
has led to very stable electrodes and has allowed reduction of the potential required for hydrogen
peroxide oxidation from +700 - +1200 to +300 mV (vs. SCE). The electrodes showed a very fast

INTERFERENCES
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Figure 3: Immobilisation of lactate oxidase (LOD) at a platinised carbon electrode. HEC: hydroxy-
ethylcellulose 3 %).
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response time (12 seconds), a measuring range of 0.1 - 8.0 mM (linearity up to 2 mM) and stability
in sporadic use of at least 136 days (with a loss of approximately 20 %). The large working range
was achieved by the use of a cellulose acetate membrane (3 % cellulose acetate in acetone) which
provided a diffusion barrier. This membrane also helped to increase electrode stability by retaining
the enzyme immobilisation matrix.

The lactate electrodes are described in more detail in the manuscript of White, Higgins, D’Costa,
Bradley and Schmid ’Amperometric detection of lactate: A comparison between mediated and
platinised carbon electrodes’ found in this proceedings band.

Glutamate:

Mediated electrodes for the determination of glutamate have been developed based on the immobili-

sation of glutamate oxidase (E.C. 1.4.3.11 from Streptomyces sp. X-119-6) using carbodiimide at

graphite electrodes (Vahjen et al, 1991). Glutamate oxidase catalyses the following reaction;
L-Glutamate + O, + H,0 — ketoglutarate + H,0, + NH,

The linear range of an electrode based on this enzyme is limited due to the rather low K., (0.21
mM)(Kusakabe et al, 1984). Hence the electrodes were incorporated in an electrode design
previously developed for in situ glucose monitoring of bioprocesses, where the design enables
extension of the linear range of the basic sensor due to the use of a membrane and continuous buffer
flow (Bradley and Schmid, 1990).

With this configuration the electrodes had a linear range of 2-10 mM (Figure 4) and a stability (on
discontinuous use) of 6 days (with a 15 % loss in actvity). The in situ electrode was applied to
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Figure 4: Calibration curve of
6l a mediated glutamate elec-
trode, based on the
carbodiimide immobilisation
4t of glutamate oxidase at a
carbon electrode (with 1,1 di-
methylferrocene as mediator).
2 Running buffer used: 0.1 M
potassium phosphate, pH 7.5,
supplemented with 0.1 M
potassium chloride. Taken
CABERE S S T N i i B N from Vahjen (1991).
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fermentation monitoring of Corynebacterium glutamicum over a 10 hour period, where a good
correlation with off-line data was observed (Figure 5)(Vahjen, 1991).
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Figure 5: Glutamate profile obtained during monitoring of a Corynebacterium glutamicum fermen-
tation using the in situ glutamate electrode. Time: cultivation time; @ test-kit analysis off-line;

+ electrode data.
Taken from Vahjen (1991).

The combination of glutaminase with the glutamate oxidase should enable the determination of
glutamine as has already been demonstrated by Trott-Kriegeskorte et al (1989).

r T FIA:
We are presently working on the development of a FIA for lactate, glucose and glutamine deter-
mination based on the use of exchangeable enzyme electrode modules allowing the choice of
monitoring one, two or all three of the chosen parameters in a single or multichannel FIA arrange-
ment.
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