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Abstract

Remarkable progress has been made in the development of bioelectrochemical sen-
sors, and various kinds of biosensors have been developed and applied in analytical
chemistry. Many of these enzyme, microbial, and immunosensors have been recently
developed in Japan and in this paper, recent trends in Japanese biosensor development
are described.

Index Entries:Bioelectrical sensors; biosensors; sensors, bioelectrical; immobi-
lized biocatalysts; biocatalysts, immobilized; electrochemical sensors; enzyme sen-
sors; immunosensors; microbial sensors; organelle sensors

Introduction

Recently the applications in analytical chemistry of enzymes and other biologically
active substances have been gaining popularity and indeed, one of the most impor-
tant areas in enzyme engineering is the analytical application of immobilized bio-
logically active substances. Biosensors consist of immobilized biocatalysts and
physicochemical devices. The chemical information of the substrates is trans-
formed to physical information such as an electric signal, by the biosensor.
Various kinds of biosensors using transducers, such as electrodes, thermistors,
photon counters, and so forth, have been developed for the determination of bio-
related compounds. Electrochemical monitoring of these compounds has definite
advantages in food, fermentation, clinical, and environmental analyses and proc-
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ess control. For example, (1) wide concentration ranges are measurable without
dilution; (2) the sample for assay does not need to be optically clear; (3) the meas-
urement values of the sensor are obtained directly as electric signals, and so on.
Extensive investigations on the development of electrochemical sensors have been
made by author’s groups.

Electrochemical Sensors

The principle of the sensor is based on selective detection by electrochemical de-
vices of substances involved in the biochemical reaction system. In potentiometric
methods, the concentrations of the ions involved in the biochemical reaction is de-
termined by an ion-selective electrode. The Ammonia electrode, the pH electrode,
and the carbon dioxide electrode are each used as such devices. On the other hand,
in the amperometric method, it is determined from the current values resulting
from electrode reaction of electroactive substances involved in the biochemical re-
action, and the oxygen electrode, the fuel cell-type electrode, and a polarographic
device are used. Table 1 shows various kinds of electrochemical sensors classified
by the biocatalysts.

Enzyme Sensors

The enzyme sensor consists of immobilized enzymes and electrochemical devices.
This sensor has an excellent selectivity for biological substrates because it employs
enzymes as catalysts. The sensor can directly determine a single compound in a
complicated mixture without the need for a prior separation step. Since the sensor’s
characteristics, such as a high sensitivity, long-term stability, and rapid response,
markedly depend on nature of immobilized enzymes, developmental investiga-
tions for the enzyme sensor were mainly devoted to improving the properties of
immobilized enzymes. Recently, sensors for the assay of water-insoluble sub-
stances, such as lipids, have been developed and applied to the determination of
lipids in sera (8—10). Potentiometric detection of enzyme inhibitors (aprotin) was
studied using titanium electrodes chemically modified with enzymes (trypsin)
(40). Table 2 summarizes the characteristics of various enzyme sensors.

TABLE |
Electrochemical Sensors
Sensor Catalyst Substrate
Enzyme sensor Enzyme Amines, carboxylic acids, glucose.
lipids, uric acid, and urea
Microbial sensor ~ Microorganism Alcohols, amino acids, antibiotics,
carboxylic acids, sugars, and vitamins
Immunosensor Antigen or antibody  Hormone, human serum albumin,
immunoglobulin G, a-fetoprotein.
and syphilis

Organelle sensor  Organelle NADH and succinate
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Microbial Sensors

Enzymes are generally expensive and unstable. Since many compounds that in-
hibit enzyme reaction are sometimes present in culture media, enzyme sensors are
not always applicable to fermentation processes. On the other hand, microorgan-
isms themselves contain various enzymes, and as a result, immobilized living
whole cells can be applied to electrochemical sensors. Recently, many techniques
have been developed for immobilizing such living whole cells (/3). Thus, micro-
bial sensors using immobilized whole cells and electrochemical devices have been
developed by the authors (/4-16). Microbial sensors also have potential applica-
tions in the fermentation industries and in environmental analysis (/7). Single en-
zymes, multi-enzyme systems, coenzymes, and even whole functions of living mi-
croorganisms can be utilized for the microbial sensors. Such microbial sensors are
classified into two categories, as shown in Fig. 1.
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Fig. 1. Principle of the microbial sensor. (I) Amperometric determination of respiration
activity. (II) Amperometic or potentiometric determination of metabolites (electroactive
substances). , substrate; I—E],\é products (electrochemically inactive);
product (electrochemically active); , immobilized microorganism.
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The principle of the amperometric microbial sensors is as follows.
Assimilation of organic compounds by microorganisms can be determined from
the respiration activity of microorganisms. The respiration activity can be directly
monitored by an oxygen electrode. Therefore, it is possible to construct a microbial
sensor for organic compounds using immobilized microorganisms and an oxygen
electrode. Various microbial sensors that have been developed are summarized in
Table 3. Several microbial sensors have been already applied to on-line measure-
ments of organic compounds that exist in fermentation process.

Immunosensors

Immunosensors originated from investigations of antigen-bound membranes,
which are known to generate a transmembrane potential in assoication with the
immunochemical reaction with free antibody in a solution (33—-34). This sensor is
characterized by electrochemical determination of the antigen—antibody complex
formed at the membrane—solution surface. The immunosensor can be applied to
serology tests for syphilis (35), blood typing (36), and serum albumin determina-
tion (37). Titanium electrodes chemically modified with antigen or antibody were
also developed by Tsubomura et al. (38). The shift of potential of the electrodes
because of their reactions with their counterparts have been measured and applied
to detect human chorionic gonadotropin (HCG) and antibody of HCG (38—40). On
the other hand, a new approach to the construction of a biosensor was investigated
by Fujiwara et al. (41). Thin-layer potentiometric measurements of lipid
antigen—antibodies were performed using tetrapentyl ammonium (TPA™) ion
loaded liposomes, TPA™ ion-sensitive electrodes, and a Ag/AgCl plate-shaped
reference electrode. These sensors were applied to evaluate the level of
ganglioside, dinitrophenylated antibody-hapten, and cardiolipin antibody hapten
(42, 43).

Enzyme immunoassays utilizing an enzyme as a labeling agent have been d
eveloped for clinical analysis. Recent enzyme immunosensors coupling an enzyme
immunoassay system and an electrochemical device have been developed for sen-
sitive and rapid microassay (limiting concentration: 107°-10"2 g/mL, of
immunoglobulin G (Ig G), HCG, and a-fetoprotein. Table 4 shows the characteris-
tics of several enzyme immunosensors. Catalase was used as the labeling agent in
each sensor.

Organelle Sensors

Organelles in cells show high biochemical activity. An organelle sensor consisting
of immobilized electron transfer particles from mitochondria and an oxygen elec-
trode has been applied to the determination of NADH (the reduced form of
nicotinamide adenine dinucleotide) (49). An organelle sensor using immobilized
rat liver microsome for SO, is also under investigation in our laboratory.

New Trends in Electrochemical Sensors

New sensors hybridizing enzymes and microbial cells can be applied to the deter-
mination of an enzyme activity in biological fluids and, moreover,
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electromicrobioassay for amino acids (5, 50), vitamins, and antibiotics. Further-
more, studies are now being directed toward developing biosensors using animal,
plant, and cultured tissues.

In conclusion, the development of electrochemical sensors for various kinds of
substrates appears quite promising, and is very attractive for possible use in the
routine analysis of many kinds of substrates in analytical chemistry.

Other Biosensors

Biochemical measurements using thermistor (biothermal sensor), piezoelectric el-
ement (biosound-sensitive sensor), and photon counter (bioluminous) sensors are
now under investigation in our laboratory.

References

1. Koyama, M., Sato, Y., Aizawa, M., and Suzuki, S. (1980), Anal. Chim. Acta 116,
307.

2. Hirose, S., Hayashi, M., Tamura, N., Suzuki, S., and Karube, 1. (1979), J. Membr.
Sci.6, 251.

3. Ikeda, S., Aoyama, N., Ito, K., Ookura, K., Ichihaashi, H., and Kondo, T. (1980),
Nippon Kagaku Kaishi, 1554.

4. Matsumoto, K., Seijo, H., Karube, I., and Suzuki, S. (1980), Biotechnol. Bioeng .22,
1071.

5. Matsunaga, T., Karube, I., Teraoka, N., and Suzuki, S. (1980), Nippon Kagaku
Kaishi 1537.

6. Karube, 1., Satoh, 1., Araki, Y., and Suzuki, S. (1980), Enzyme Microb. Technol .2,
117.

7. Mizutani, F., Tsuda, K., Karube, 1., Suzuki, S., and Matsumoto, K. (1980), Anal.
Chim. Acta 118, 65.

8. Karube, 1., Hara, K., and Suzuki, S. (1981), Anal. Chim. Acta (submitted).

9. Karube, 1., Hara, K., Satoh, I., and Suzuki, S. (1979), Anal. Chim. Acta 106, 243.
10. Satoh, 1., Karube, I., Suzuki, S., and Aikawa, K. (1979), Anal. Chim. Acta 105, 429.
11. Shinozuka, N., and Hayano, S. (1980), Nippon Kagaku Kaishi, 1651.

12. Kawashima, T., Arima, A., Hatakeyama, N., Tominaga, N., and Ando, M. (1980),
Nippon Kagaku Kaishi 1542.

13. Mosbach, K., ed., (1976), Methods in Enzymology, Vol. 44, Academic Press, New
York.

14. Karube, I., Matsunaga, T., and Suzuki, S.(1977), J. Solid-Phase Biochem.2, 97.

15. Karube, 1., Matsunaga, T., Mitsuda, S., and Suzuki, S. (1977), Biotechnol.
Bioeng., 19, 1535.

16. Karube, 1., Mitsuda, S., Matsunaga, T., and Suzuki, S. (1977), J. Ferment. Technol.
55, 243.

17. Suzuki, S., and Karube, 1. (1979), Microbial Electrode Sensors for Cephalosporins
and Glucose, in ACS Symposium Series 106, Venkatsubramanian, K., ed. pp.
221-236.

18. Hikuma, M., Kubo, T., Yasuda, T., Karube, I. and Suzuki, S. (1979), Anal. Chim.
Acta 109, 33.



BIOSENSORS 155

19.
20.
21.
22.
23.
24.
25.
26.

27.
28.

29.

30.
31.

32.

33.
34.
35.

36.
37.
38.

39.

40.
41.

42.
43.

4.

45.
46.
47.

48.
49.
50.

Hikuma, M., Kubo, T., Yasuda, T., Karube, 1., and Suzuki, S. (1980), Anal. Chem.
52, 1020.

Hikuma, M., Obana, H., Yasuda, T., Karube, 1., and Suzuki, S. (1980), Enzyme
Microb. Technol. 2, 234.

Hikuma, M., Suzuki, H., Yasuda, T., Karube, I., and Suzuki, S. (1979), European J.
Appl. Microbiol. Biotechnol. 8, 289.

Hikuma, M., Kubo, T., Yasuda, T., Karube, 1. and Suzuki, S. (1979), Biotechnol.
Bioeng. 21, 1845.

Karube, 1., Mitsuda, S. and Suzuki, S. (1979), European J. Appl. Microbiol.
Biotechnol.7, 343,

Karube, 1., Suzuki, S., Okada, T., and Hikuma, M. (1980), Biochimie 62, 567.
Karube, I., Matsunaga, T., and Suzuki, S. (1979), Anal. Chim. Acta 109, 39.
Matsumoto, K., Seijo, H., Watanabe, T., Karube, 1., Satoh, I., and Suzuki, S.
(1979), Anal. Chim. Acta 105, 429.

Matsunaga, T., Karube, 1. and Suzuki, S. (1978), Anal. Chim. Acta 99,233.
Hikuma, M., Obana, H., Yasuda, T., Karube, 1., and Suzuki, S. (1980), Anal. Chim.
Acta 116, 61.

Matsunaga, T., Karube, 1., and Suzuki, S. (1980), European J. Appl. Microbiol.
Biotechnol. 10, 235.

Matsunaga, T., Karube, 1., and Suzuki, S. (1978), Anal. Chim. Acta 99, 233.
Matsunaga, T., Karube, I., and Suzuki, S. (1979), Appl. Environ. Microbiol. 37,
117.

Matsunaga, T., Karube, 1., and Suzuki, S. (1980), European J. Appl. Microbiol.
Biotechnol. 10, 125.

Aizawa, M., and Suzuki, S. (1977), Chem. Lett. 779.

Aizawa, M., Kato, S., and Suzuki, S. (1977) J. Membr. Sci. 2, 125.

Aizawa, M., Suzuki, S., Nagamura, Y., Shinohara, R., and Ishiguro, 1. (1979), J.
Solid-Phase Biochem. 4, 25.

Aizawa, M., Kato, s., and Suzuki, S. (1980), J. Membr. Sci. 7, 1.

Suzuki, S., and Aizawa, M. (1980), Rinsho Byori28, 332.

Yamamoto, N., Nagasawa, Y., Shuto, S., Sawai, M., Sudo, T., and Tsubomura, H.
(1978), Chem. Lett. 245.

Yamamoto, N., Nagasawa, Y., Sawai, M., Sudo, T., and Tsubomura, H. (1978), J.
Imm. Methods 22, 309.

Yamamoto, N., Shuto, S., and Tsubomura, H. (1980), Nippon Kagaku Kaishi 1562.
Chiba, K., Tsunoda, K., Umezawa, Y., Haraguchi, H., Fujiwara, S., and Fuwa, K.
(1980), Anal. Chem. 52, 596.

Shiba, K., Watanabe, T., Umezawa, Y., and Fugiwara, S. (1980), Chem. Lett. 155.
Shiba, K., Umezawa, Y., Watanabe, T., Ogawa, S., and Fujiwara, S. (1980), Anal.
Chem. 52, 1610.

Aizawa, M., Morioka, A., Matsuoka, H., Suzuki, S., Nagamura, Y., Shinohara, R.,
and Ishiguro, 1. (1976), J. Solid-Phase Biochem. 1, 319.

Aizawa, M., Morioka, A., and Suzuki, S. (1978), J. Membr. Sci. 4, 221.

Haga, M., Itagaki, H., and Okano, T. (1980) Nippon Kagaku Kaishi 1549.
Aizawa, M., Morioka, A., Suzuki, S., and Nagamura, Y. (1979), Anal. Biochem. 94,
22.

Aizawa, M., Morioka, A., and Suzuki, S. (1980), Anal. Chim. Acta 115, 61.
Aizawa, M., Wada, M, and Suzuki, S. (1980), Biotechnol. Bioeng. 22, 1769
Karube, I., Matsunaga, T., Teraoka, N., and Suzuki, S. (1980), Anal. Chim. Acta
119, 271.



