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Biosensors for non-medical applications

(fermentation control, food and environmental analysis)
Rolf D. Schmid

GBF - Gesellschaft fiir Biotechnologische Forschung
Department of Enzyme Technology
Mascheroder Weg 1
D-3300 Braunschweig, FRG

1. Introduction

In the GBF - the national centre for biotechnological research in W. Germany - a task force
for biosensor development was set up in mid-1987 (1). In the two years which have elapsed
since then, various prototypes of biosensors for non-medical applications have been developed
based mainly on the concepts of flow injection analysis (FIA), fibre optics and amperometric
devices (2). In addition, investigations in protein engineering and the screening of enzymes and
antibodies pertinent to biosensor application have been initiated (2).

2. Biosensor systems for fermentation control

The GBF features large-scale fermenters for microbial fermentation (up to 7,000 1), recombinant
microbial fermentation (up to 300 1) and animal tissue fermentation (up to 250 1). The available
down-stream processing equipment is adapted to this scale. As a consequence, a number of
devices were needed for the in-line control of fermentation substrates and products during
fermentation and recovery (3-5). The latter method being based on FIA, it proved necessary to
develop a sterile sampling module which has since been commercialized (6). In addition, an
alternative sampling device advantageous in small-scale fermentation experiments was recently
proposed (7).

In our developments since then, we have begun to generate rapid, reliable and inexpensive in-
line analysis methods for various model fermentations indicated in Table 1.
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Table 1

Targets and methods for in-line fermentation control

Type of fermentation Biosensor

(Organism)

Ethanol Enzyme FIA for glucose

(Bakers’ yeast) and ethanol
Amperometric electrodes
for glucose and ethanol

Glucose oxidase Enzyme FIA for glucose

(Aspergillus niger) FIA for glucose oxidase
Amperometric electrode
for glucose

Interieukin-2 Enzyme FIA for glucose,

(BK cells) lactate and glutamine

Immuno FIA for IL-2

*Cranfield Institute of Technology, Bedfordshire, UK

Cooperation

Cranfield*

Cranfield*

ADW*=*

ADW=*=

**Zentralinstitut fiir Molekularbiologie, A kademie der Wi chaften der DDR,

Berdin-Buch

As a first step towards this goal, we developed a proprietary, versatile modular FIA system

indicated in Fig. 1 (8) (patents pending).

Fig. 1: GBF FIA

Based on this system, we were able to achieve satisfactory enzyme FIA systems for glucose and

ethanol. The flow schemes of the two FIA channels are indicated in Figs. 2 and 3.



Biosensors for non-medical applications

‘i Filtration Module

w
Pumr
W
c L]
- 1 Valve2 =5
AD Memgrane W
S
@ bifurcated
fibre bundle
_@ C: Valve 1 &
1 S B Photomet X/t -
. Sired  (15re" | GHEL ok
4 Microtube Reactor at9Hz
Lﬁ Pump ‘
; W
U Detection of Glucose
—_— (Glucose Oxidase(GOD)/Optrode)
Amperometric 4
Electrode (Glucose Oxidase) s
Cranfield Inst. of Technology Counter
Fitration Module | it
Plexiglass Cell
B °

Buffer 1
Fermenter
Buffer2 (]\
y
el Valv
Pump

& Diffusion Unit

Detection of Glucose und Alcohol
(Glucose Oxidase/Alcohol Oxidase/Amperometry)

Figs. 2 and 3

FIA flow schemes for glucose and ethanol
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Glucose FIA is based on immobilized Glucose oxidase (EC 1.3.3.1) from Aspergillus niger and a
fibre-optic cell designed to detect oxygen consumption via pO,-dependent fluorescence quench-
ing of a dye (9) ("Glucose sensor 1"). In the ethanol FIA concept described here by Kuennecke
and Schmid, immobilized alcohol oxidase (EC 1.1.3.13) from Pichia pastoris is utilized in com-
bination with the amperometric detection of hydrogen peroxide ("Ethanol sensor") (10). For in-
line determination of glucose, we are also testing a ferrocene-mediated amperometric electrode
developed at the Cranfield Institute of Technology, UK, as discussed in this monograph by
Bradley, Turner and Schmid ("Glucose sensor 2") (11, 12). Our first results are summarized in

Fig. 4. They correspond very well to off-line analyses carried out in the same experiment.
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Fig. 4
Determination of glucose and ethanol during fermentation of bakers’ yeast using sensors 1-3

The results for the on-line control of animal tissue culture fermentation (analytes: D-glucose,
L-lactate and L-glutamine) are still preliminary. A first set of data generated in collaboration
with the Academy of Sciences of the GDR is published in this monograph by Trott-Kriegeskorte
et al..

FIA may be conveniently used for the automated on-line post-column detection of enzyme ac-
tivity in downstream processing. We have investigated this method for the rapid purification of
several oxidases (13). In this monograph, further data on on automatic lipase determination are
described by Heine-Dobbernack et al. We have proposed the term "Flow injection zymography"
for this technique. Recently, a similar method was reported for the on-line detection of dehy-
drogenases during down-stream processing (14).

3. Biosensors for food analysis

A number of FIA prototypes for food control based on our modular FIA system with and with-
out enzymes have been completed. Thus, total acids in wine can conveniently be assayed by FIA
(15). As discussed by Dremel et al. in this monograph, glucose determination in wine or fruit
juice is reliable and insensitive to the presence of reducing agents (sulfite, ascorbate) if im-
mobilized glucose oxidase is used in conjunction with a fluorescence optrode measuring oxygen
consumption (16). Further applications of this technique to the monitoring of ascorbate in fruit
juice (using immobilized ascorbate oxidase) (EC 1.10.3.3) or of lactate in milk products (using
immobilized lactate oxidase) are described in this monograph by Schaffar et al. and Trott-

Kriegeskorte et al.. An Alcohol determination in beer, wines and spirits is easily accomplished
by FIA assay based on separation of alcohol from the liquid matrix by a silicone membrane, an
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alcohol specific enzyme reactor based on immobilized alcohol oxidase from Pichia pasteuris, and
amperometric detection of the hydrogen peroxide produced (see Fig. 3). As discussed by Kuen-
necke and Schmid in this monograph and elsewhere (10), this procedure is simpler, more reli-
able and less expensive than conventional procedures (e.g. determination of the refractive index
in steam distillates).

As shown by Chemnitius and Schmid in this monograph, S - 500 uM of malate could accurately
be determined by an immobilized bienzyme system coupling malate dehydrogenase (EC 2.6.1.1) to
aspartate aminotransferase, EC and fluorimetric measurement of the generated NADH.

Compared to the development of enzyme-supported FIA systems, our investigations on disposable
biosensors are still preliminary. We invested a great deal of work in the design of a "fish
freshness sensor" based on hypoxanthine determination, a technique originally proposed by Ka-
rube et al. (17). Details of these experiments can be found in the contribution by M. Suzuki et
al.. They are based on a gold-on-silicon micro-hydrogen peroxide electrode provided by Fujitsu
Co., Japan, depicted in Fig. 5.

IlHl,llll,lllllml,llll]mq"ﬂ[lﬂqm“llll‘|||||||||\l|||\

Fig. 5
Gold-on silicon micro-hydrogen peroxide electrode
(Courtesy of Fujitsu Co., Japan)

Reproducible immobilization of xanthine oxidase (EC 1.1..3.22) from milk onto this micro-hydro-
gen peroxide probe proved difficult. The system optimized at present is based on the enzyme
photopolymerized into a PVA gel. It allows the measurement of hypoxanthine in the concentra-
tion range between 7 and 180 uM within 5 min. As indicated in the article of Kim et al., the
sensitivity of this system might further be increased by sulfite-mediated activation of xanthine
oxidase using a micro-oxygen probe, or by the use of xanthine dehydrogenase (EC 1.1.1.204), a
novel microbial enzyme described by Kim and Schmid elsewhere in this monograph.
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High molecular weight (15-20 kD) polyethylenglycol derivatives of NAD(P) and NAD(P)H
(NAD(P)-PEG, NAD(P)H-PEG) have been synthesized at the GBF (18) and proven very useful in
a variety of membrane-type enzyme reactors. Both NAD-PEG and free NAD could advantageous-
ly be used as cofactors of alcohol dehydrogenase (EC 1.1.1.1.) from horse liver. As described by
Bilitewski and Schmid, mixing of the native enzyme and the coenzyrhe with carbon paste led to
an electrode which detected ethanol rapidly (15 sec) at a potentiol of only 700 mV (vs Ag/Ag-
Cl). The use of modified graphite electrodes (modifiers: NMP*TCNQ- or PMS) with the same
enzyme, malate dehydrogenase (EC 1.1.1.37) or formiate dehydrogenase (EC 1.2.1.2) and NADH-
PEG resulted in biosensors which detected up to 2 mM (Ethanol: 15 mM) of the analyte within
30 sec at zero potential (Kulys et al., this monograph).

4. Biosensors for environmental control

The determination of minute amounts of pesticides in water (0.1 ug/1 of single, 0.5 ug/I of a
mixture of pesticides) required by the EC drinking water act of 1987 is a great challenge to
the development of appropriate assays. Immunoassays, especially ELISA techniques, have receiv-
ed considerable attention in this context (19). As described by Stoecklein et al. in this mono-
graph, we recently have developed a "flow injection immuno analysis" (FIIA) based on competi-
tive immunoassay and detection via peroxidase (1.11.1.7) (20). In comparison to standard ELISA
techniques, sensitivity is comparable and speed of analysis is improved, especially if continuous
assays are required (e.g. in the effluent of a chemical factory). Continuous analysis with single-
use reagents such as antibodies requires an appropriate system for disposal and feed of the
immuno reagent. We have solved this problem by immobilizing our single-use reagents to magne-
tic beads (patents pending).

5. Enzymes and antibodies

An important prerequisite to biosensor development is a good source of novel and highly active
enzymes. We are attempting to approach this need by two lines of research:

o protein engineering, and
o screening of improved or novel enzymes.

The present state and future targets of our work is summarized in tables 2 and 3.
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Table 2: Ongoing activities on protein engineering of biosensor-related enzymes

"Protein Engineering" * with biosensor-related enzymes

Glucose oxidase Imperial College, London
(Aspergillus,

Penicillium)

NADH oxidase Cranfield Institute of Technology
(Thermus Universitit Bayreuth

Luciferase Technion Haifa
(Photobakterium)

*in cooperation with the "molecular structure" group of the GBF.

Table 3: Ongoing activities on screening of biosensor-related enzymes and antibodies

Screening for microbial enzymes and antibodies for application in biosensors

enzyme /antibody cooperation

Xanthin dehydrogenase o

L-Aminoacid oxidase -

L-Glutamat oxidase Akademie der Wi haften, Berlin-Buch
L-Amin oxidase Kyoto University

Pseudo cholinesterase Kyoto University

Butyryl-CoA oxidase Kyoto U niversity

Putrescin oxidase Fa. Amano, Nagoya
Atrazin-(m)AK TU Miinchen

University of California, Davis
Methabenzthiazuron-(m)AK TU Miinchen

Pyrethroid-(m) AK Fa. Driger, Liibeck

6. Outlook

By combining transducer and enzyme/antibody development, it is predicted that practical bio-
sensors can be developed which are useful in fermentation control, food and environmental
analysis. Both continuous and single-use devices are perceivable, and further progress along the
work summarized in this paper is to be expected.
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