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DEVELOPMENT OF SENSOR SYSTEMS BASED ON ENZYME-MODIFIED
FIELD-EFFECT TRANSISTORS FOR PROCESS CONTROL IN
BIOTECHNOLOGY

U. Brand, B. Reinhardt, F. Riither, Th. Scheper, and K. Schiigerl

Institut fiir Technische Chemie, Universitiit Hannover, Callinstr.3,
3000 Hannover (Federal Republic of Germany)

SUMMARY

Sensor prototypes for the determination of urea, glucose, penicillin G, penicillin V and
cephalosporin C were developed. Hydrogen ion-sensitive field-effect transistors (pH-FETs) served as
transducers in these biosensors. The PH-sensing surface of the pH-FETs was modified with membrane
layers containing an enzyme. Urease, glucose oxidase, penicillin G amidase, penicillinase,
cephalosporinase proved to be suitable enzymes. The enzyme sensors had a dynamic range of two
orders of magnitude substrate concentration. The response times varied between 50 and 150 seconds,
the glucose sensor prototypes showed slower responses. The enzyme-FETs functioned well for 10 - 100
days (storage at room temperature) depending on the stability of the enzyme. PH and buffer capacity
of the sample strongly affect the performance characteristics of these sensors. Other parameters are of
minor importance. As an example, the results for penicillin G amidase-FETs are described. Urease-,
penicillinase-, and penicillin amidase-FETs were successfully integrated as detectors in a flow
injection analysis system (FIA). Using a FIA equipped with a penicillin-amidase-FET, penicillin G
concentrations from 1.5 to 50 mM could be measured reproducibly, also in microfiltrated broth from a
Penicillium chrysogenum cultivation.

INTRODUCTION

Among the variety of transducers that are used for biosensor construction, field-effect transistor
devices are attractive because of their small size, multisensor capability and potentially low cost. Since
the first description [1] of an enzyme-modified FET, sensor prototypes for about 10 different
substances have been described. However, there are still only few reports on practical applications,
eg. [2].
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Advanced process control in biotechnology requires on-line monitoring of physical, chemical and

biological parameters [4]. Therefore, techniques for simple and short- time lag measurements of
substrates and products during fermentations are desirable.
Sensors based on enzyme-modified FETs and combinations of these sensors can be used as detection
units for flow injection analysis. Such systems might satisfy the above mentioned requirements. In this
paper, results on the development of 5 different enzyme-FETs are presented. The features of these
sensors are discussed in view of practical application, and their integration into a flow injection system
is described.

Flow injection analysis is a new analytical technique which has found broad acceptance and has
recently been subject of many papers, symposia, and reviews, e.g., [3]. It has been combined with
photometric, amperometric, and potentiometric detection methods. Also, separation, sample
preconditioning, and calibration procedures can be incooperated.

EXPERIMENTAL
Materials

Penicillin G amidase and penicillin G potassium salt were donated by Hoechst AG. All other
enzymes and chemicals were commercially available preparations. The pH-FETs used in these
investigations were purchased from the AEG Forschungsinstitut, Ulm. Some information about these
transistors is given in [5]. Samples of fermentation broths were taken from cultivations of Penicillium
chrysogenum, which have been carried out at our Institute.

Immobilisation

The well-known glutaraldehyde/bovine albumine method was used for immobilisation. The
compositions of the reagent mixtures were optimised for each enzyme individually. Special techniques
were employed to prepare thin, homogeneous enzyme membrane layers on the gate surfaces of the
PH-FETs: thin films of the coupling reagent were obtained after spinning with 6000-9000 rpm. Small
amounts of the protein solution could be selectively deposited on the preactivated pH-sensing areas by
means of an injection apparatus (GLT). High lateral resolution of the deposition procedure is
achieved with a micromanipulator (Eppendorf).

Set-ups and measurements

Studies on the signal characteristics of the sensor prototypes were performed in magnetically
stirred buffer solutions. The enzyme-modified FETs were consistently operated with "constant charge
mode" circuits. This means that a 58 mV change of the sensor signal directly reflects a change of one
PH unit at the enzyme/gate oxide interface. Defined substrate concentration levels were maintained
by addition of portions of concentrated substrate solutions to the test vessel. In order to rule out signal
changes due to variation of the external pH, the pH in the bulk solution was also monitored during the
measurements.
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In supplementary experiments, fermentation broths from a cultivation of Penicillium chrysogenum
served as test matrices. The samples were standardised to pH 7.5 by addition of small volumes of a
KOH-solution. Medium from the beginning and end of a fermentation was used. The sample from the
end of a fermentation contained less than 0.1g/1 penicillin V, because the fungi failed to produce
penicillin in that fermentation experiment.

For practical application tests, a modular, microprocessor-controlled flow injection analysis system
(Eppendorf) was used. The system consists of a selection valve, a programmable pump with 4
channels, and an injection valve. A master module controls the components via TTL pulses. Data
processing functions such as digital filters, automatic calibration, determinations of peak height, -
width, -area are implemented as well. Usually, peak heights were evaluated. The results were
transmitted to an AT-compatible PC (HP Vectra) via a RS232 interface or to a VAX microcomputer
(DEC) via RS232/20mA. In the second case, the PC serves as a terminal. Real-time data were
transferred to the PC which is equipped with an A/D converter module. Fig.1 shows a schematic
representation of the instrumental configuration employed up to now in most of the experiments.
Typical measurement conditions: injection volume 0.6ml, flow rates 2-4ml/min, the sample/standards
channel is switched on for 1 minute, before injection into the carrier stream is initiated.

Master-
modul T
(4) T Setiali- RS 232C are
adapter Analog Output | Y
i ’l 8)

Buffer,eg 10mM KPP,pH 7,5
/—4— 1:Samples of Fermentation broth

# 2:
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l | | @ 6: standards
¢
Injector Pump Selector 8:
Waste (5) (6) (7)

Fig.1 Set-up for practical application tests: (1) enzyme-FET; (2) reference electrode; (3)
measurement circuit for the FET; (4) master module; (5) injection valve; (6) programmable pump;
(7) selection valve; (8) computer: AT compatible PC, A/D converter card.

Determinations of buffer capacities

Determinations of the buffer capacities were carried out with an automatic titrator (Metrohm).
Experimental data for the added volumes of bases/acids to the sample and the corresponding pH
values were directly transferred to a PC and evaluated in accordance with the definition of buffer
capacity: 8= d(C)/d(pH).
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RESULTS AND DISCUSSION

Table 1 compiles the enzymes that we used for the construction of FET-based biosensors.
Furthermore, the substances that can be detected, and the acidic/basic products of the catalysed
reactions are included in the table.

Substance Enzyme Product
Urea Urease CO,, 2 NH
(EC35.15) .
Glucose Glucose oxidase Gluconic acid
EC 1.1.34.)
Penicillin G enicillin G amidase Phenylacetic acid
EC3.5.1.11)
Penicillins, e.g., enicillinase Penicilloic acid
Penicillin G EC3.5.2.6,
.cereus 569 H9)
Cephalosporins. e.g., Cephalosporinase Cephalosporoic
Cephalosporin C (EC 3.5.2.6, Entereo- acid
bacter cloacae P99)
Table 1: substrate/enzyme systems.

Studies on the performance characteristics of enzyme-FETs

A typical calibration graph of each enzyme-modified FET is shown from Fig.2 to Fig.6. The
measurements were conducted in potassium phosphate buffer (KPP). The sensors have a useful
operating range of two orders of magnitude. At higher substrate concentrations, saturation effects
occur, and the curves flatten. In all cases linear curve sections are observed for one concentration
decade.
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Fig.2 Calibratign graph of the urease-FET. Measurement conditions: 10mM phosphate buffer,
pH 6,25"C.

Fig.3 Calibrati%r(\: graph of the glucose oxidase-FET. Measurement conditions: 0.1mM phosphate buffer
pH 7, 25°C. 3
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Fig.4 Calibrationograph of the penicillinase-FET. Measurement conditions: 10mM phosphate buffer,
pH 7.5, 25°C.
Fig.5 Calibration graph of the cephalosporinase-FET. Conditions as in Fig.3.
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Fig.6 Calibration graph of the penicillin G amidase-FET. Conditions as in Fig.3.
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Various features of the sensor prototypes were examined. As an example, the results for the
penicillin G amidase-FETs are presented below. Most of the described characteristics seem to be of 2
general nature with this type of biosensor, regardless which enzyme is used. Exceptions are mentioned.

Response time

The time-resolved response of a penicillin G amidase FET to the addition of penicillin G is
depicted in Fig.7. The steady-state values are reached in less than 90 seconds. When the test solutions
were diluted with buffer, similar response times were obtained for decreases in the concentration. The
other enzyme-FETs have comparable response times, with the exception of the glucose oxidase FET
prototypes (15 - 30 minutes).
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Fig.7 Time response of the penicillin G amidase-FET. Addition of penicillin potassium salt is indicated by
the arrows. The final concentration are given in g/I. Conditions as in Fig.6.

Influence of pH

The pH of the analyte has a profound influence on the signal characteristics (Fig.8). At lower pH
values (urease-FET: higher pH) the maximum signal output decreases. This is due to the reduced
activity of the enzymes at very low and very high pH values. Moreover, the transducer responds
logarithmically to the hydrogen ions generated in the enzyme membrane layer. Thus, at pH 6, the
tenfold number of enzymatically produced hydrogen ions is required to get the same signal change as
at pH 7. Generally, the enzyme-modified FETs show optimal performance when operating near pH 7.
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Fig.8 Effect of pH. Measurement conditions: 10mM phosphate buffer, 25°C.
Fig.9 Effect of the buffer concentration. Measurement conditions: phosphate buffer, pH 7.5, 25°C.

Influence of buffer strength

The buffer strength of the analyte is important as well (Fig.9). In concentrated buffers, the
dynamic range is shifted to a higher substrate concentration, and the heights of the calibration curves
are lowered. This might be a common feature of all biosensors that are based on the detection of a
local pH shift in the biochemical receptor: basic buffer ions can penetrate into the enzyme membrane
and consume a part of the enzymatically produced hydrogen ions.

Influence of other parameters

Temperature: an enhanced response (at higher concentrations, in the case of the penicillin G
amidase-FET about 25%) was observed at 37°C, which is a result of the more rapidly proceeding
enzyme kinetics.

Stirring of the analyte: diffusional mass transport phenomena are involved in the performance
characteristics of these sensors. Therefore, stirring of the analyte solution might effect the sensor
signals. Measurements with and without stirring were performed. The penicillin G amidase-, urease-,
and cephalosporinase-FETs showed slightly reduced signals (15%-30%, only at very high
concentrations), with penicillinase- no decrease and with glucose oxidase-FETs a drastical decrease in
the signal outputs were observed.

Enzyme inhibition: penicillin G amidase is inhibited by the products of the catalysed reaction.
Minor changes in the calibration curve were observed, when more than 1g/1 phenylacetic acid or 2g/1
6-aminopenicillanic acid were present in the test solutions. These concentration levels do not occur
during a normal penicillin fermentation.
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Manufacturing reproducibility

The manufacturing reproducibility was checked by preparing a series of 7 penicillin amidase-
FETs. S sensors functioned well. Their calibration curves are presented in Fig.10. Although the
enzyme-FETs described here were handmade, they have fairly reproducible performance

characteristics.
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Fig.10 Manufacturing reproducibility. Comparison of the calibration curves of a series of sensors.
Conditions as in Fig.6.
Fig.11 Long-term stability: Conditions as in Fig.6.

Long-term stability

Penicillin G amidase-FETs are stable up to 100 days, glucose oxidase-FETs for more than 30 days,
penicillinase-FETs for more than 10 days, urease-FETs up to 10 days (storage of all FETs in buffer
solutions at room temperature when not in use). Life time data on Cephalosporinase-FETs were not
gathered yet. Fig.11 shows some calibration curves that were obtained from a penicillin G amidase-
FET which was examined regularly during 100 days.

Calibration curves in fermentation media

Penicillin G amidase-FETs are capable to measure penicillin in real media as is clearly
demonstrated in Fig.12. The slopes of the calibration graphs are very similar to the one in the buffer
"standard" solution (10mM KPP, pH7.5). Some differences in the curves from fermentation start and
end are visible. They can be explained by the variations in the pH-dependent buffer profiles of the
fermentation samples (Fig.13). The same results were obtained for penicillinase-FETs/penicillin V.
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Fig.12 Measurements in fermentation broths from a Penicillium chrysogenum cultivation.

Fig.13 Buffer capacity profiles of fermentation broths from the beginning and the end of a cultivation.

Practical application tests in a FIA system
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Preliminary experiments on the integration of the enzyme-modified FETs into the FIA-system
proved that the sensors are well suited for this analytical technique. Urease-, penicillinase- and
penicillin G amidase-FETs generated sharp and well-defined peaks, when substrate containing buffer
solutions were employed as samples. The penicillin amidase-FET/FIA system has already been used
for penicillin G determinations in standardised (diluted with an equal volume of 10mM phoshate
buffer, adjusted to pH7.5) fermentation broths (Fig.14 and Fig.15).
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Fig.14 Real-time data trace of penicillin G determinations in fermentation broths.
Fig.15 Calibration curves (peak heights) corresponding to the trace in Fig.14.




