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PREFACE

This reference text on bioinstrumentation focuses on the rapid emerg-
ing fields of modern biotechnology and advanced electronics. Empha-
sis is placed on the three major phases of effort from concept to mar-
ket, namely, research, development and applications. The term bioin-
strumentation is used increasingly to describe the unique joining of ad-
vanced electronics and modern biotechnology. The text consists of con-
tributed ¢hapters prepared by experts directly involved in bioinstrumen-
tation research, development and applications. They describe novel
biotechnology-based electronic sensors, such as those used for detec-
tion of very low levels of chemical and biological moieties. Rather than
present traditional systems in which an electrical instrument is used sim-
ply as an observer, the bioinstrumentation described herein provides for
direct assay and read-out oi bioinstrumentation information. The au-
thors also discuss new biotechnology-based electronic devices used for
direct chemical and biological analysis, as in laboratory or process gon-
trol instruments, and biosensors used to measure chemical and biological
moieties in the body and in the environment.

It is hoped this reference text will be of keen interest to a wide audi-
ence, including instrument manufacturers, the electronics industry, and
many of the increasing number of biotechnology firms, especially those
looking for additional applications of their expertise. University profes-
sors and government officials, as well as industrial executives, all working
in the area of modern biotechnology, advanced electronics, and instru-

mentation should find this text to be extremely valuable.
Donald L. Wise, Ph.D.



CONTENTS

PART I: BASIC BIOSENSORS

1 Bioelectrochemical Sensors with Living Cells

D. - G. Mérgineanuand H. Vais ..........ccovvvevennn,

2 Glucose Blosensors

W.F. March .....cccoovviiiiiiinieiiarnenseceenneeanes

3 Some Biometrical Applications of Molecular
Hydrogen and Ammonia Determinations by
the Use of Metal-Oxide-Semiconductor Devices

E. G. Hérnsten, I. Lundstrom and H. Eluing ...........

4 Microbiosensors for Clinical Analyses

Isao Karube, Koji Sode and Eiichi Tamiya .............

5 Enzymes as Biosensors in Immunoassays for
Diagnostic Clinical Medicine

Vadiraja V. Murthy and Lawrence F. Freundlich ........

6 The Nicotinic Acetylcholine Receptor: A Model
for Biosensors?

Ferdinand HUeRO . .....cocovvvueinnanenirennenaeeenenns

7 Selected Research Blosensors

C. . Wang ....cocovvniieneniananvnenoisncsersnsoeness

8 Biocatalyst Electrodes and their Capabilities
for Sensors and Reactors

Mitsugi Senda and Tokujs Tkeda ..............ccooevnnn.

9 Use of Membrane Techniques for Optimization
of Enzyme Electrodes

L. X Tangand P. M. Vadgama ............cccovvvuinns



PART II: FUNDAMENTAL BIOINSTRUMENTATION

10 Enzyme-Modified Field Effect Transistor
with FPhotolithographically Petterned
Enzyme-Immobilized Membrane Using
Water Soluble Phatopolymer
Satoru Shiono, Yosio Hanazats and Mamsks Noalako ... .. 233

11 Binsensors Based on Ion Sensitive Fial?
Effect Transictor (ISFET)

Izumt Kubo and Masao Gotoh ... .. .........cccc'oiii'. 267
12 Measurement of Oxygen Using Luminescent

Bacteria

David Lloyd ........ .. . . . . . 301

13 Trends in Enzyme Sensors
Fumio Mizutani and Michihiko Asas ..................... 317

14 Development and Application of Antibody --
and Receptor-Based Biosensors
Richard F. Taylor .............0ccviiiininiaia .. 355

15 Stable Oligomeric Proteins for Biosensors:
Protein Chemistry, Gene Engineering
and Electronics
Yasuo Kagawa, Shigeo Ohta, Hajime Hirata,
. \.Toshiro Hamamoto and Isao Karube ..................... 413

18 Bioelectrochgmical Immunoassays . :
G. A. Robinson ....................... g 427

17 Protein Immobilization Using Plasma-’
Polymerized Thin Organic Film ) ;
Yasuhiko Jimbo and Masao Saito ........ e - 451

18 Lessons Learned from Natural Chemoreception:
The Artificial Cell Membrane in an
Electronic Biosensor
Ulrich J. Krull, Michael Thompson
and Elaine T. Vandenberg ....... e 469

19 Potentiometric and Fiber Optic Based
Biocatalytic Sensors
Mark A. Arnold ......... ... ... ... ... . ... 501



20 Immuoological Diosensors Medica!
Applications
. L. Bostizuz, D). Thotnas and G. Pesmci ... .. ... .... 52

21 Eunzymne Electrodes in Clinical Laboratories:
Practiical Experience in Routine Use
and Commercialization Electronic Bicseasor
Michael W. Janchen and Frieder F. Scheller .......... .. 595

22 Fluorescence Based Fiber Optic Sensars for
Determination of Whole Biood pH and pCU
Linda A. Saari and Althea M. Fejes ..................... 637

23 A Disposable Electrochemical Immunoassay
(Deca) System for Clinical Diagnosis
Brenda D. Manning, John L. Neuwll, Michael Lee
Lisa S. Chenevert, Thea M. Hotaling, Richard Martinelly
and Howard II. Weetall .............cco v, 665

24 Biochemical Sensor Research in the
Netherlands Organization for Applied
Scientific Research as Per 1987

C. van Dijk and M. S. Nieuwenhuizen .............. .... 679
25 Biomedical Image Proéessing

A.Dhawan ... ..o e 699
26 Temperature Measurement and Momtérmg )

Devices N !

Charles S. Lessard, Wing Chan Wong

and Glenn F. Schmidt ............. Chrveprerpemiyit ey 173,
27 Body Sounds: Why Not Listeky 75"/ fsnv e an

Charles S. Lessard and Wing Chan’ Wong S T 1793

PART III: ADVANCED IN‘?TRUMENTA’BION PSS

28 An Integrated Circuit Approach to Cardlac
Multielectrode Arrays
John J. Mastrototaro, Theo C. Pilkington,
Raymond E. Ideker and Hisham Z. Massoud ............. 819

29 The Measurement of Ventricular Volume by
Intracardiac Impedance
Rodney W. Salo, Brian D. Pederson and John A. Hauck . 853



80 Tactile Sensors for Rehabilitation

John G. Webster .....c.coveuuvieeaieeniscctsonaonncncenes 803
31 Instrumentation for Anthropometric

Measurements

Wolf W. von Maltzahn and George V. Kondraske ........ 905

. 32 Image Cytometry System for Morphometric
Measurements of Live Cells
Branko Palecic and Bruno Jaggs ........ccvoeeereeeeinnns 923

33 Measurement of Serum Bile Acid Levels by
High-Performance Liquid Chromatography
Using Immobilized Enzyme in Column Form
and its Application to Bile Acid
Tolerance Test
Toshihiro Kitahass, Yasuhiro Ohba, Yukihiko Adachs,
and Toshio Yamamoto .......ooouvveveeiiennnarocnennnes 993

84 Some Physical Attributes of Postural
Adjustments
Hooshang Hemams ............cooeiuuunnnennnnsaananns 1009

35 Compton Scatter Imaging Systems
E. M A. Hussein ......coovivinenersessroenranccscneces 1053

36 Non-Invasive Non-Destructive Optical
Techniques for Diagnosis
M. Chevalier, M. L. Calvo and C. Carreras ............. 1087

37 Analysis of Three-Dimensional Anatomical
and Functional Medical Images
Atam P. Dhawan and M. V. Ranganath ................ 1133

88 Cochlear Implants
Mario A. Svirsky, John K. Cullen and Cedric F. Walker 1161

PART IV: BIOELECTRONIC SYSTEMS

30 A Potentially Implantable Enzyme-Substrate
Electrode with pO,— Basic Sensor for
Glucose Determination
K. Lemke and G. Henning . ......coovvivrcncnarcacenee 1195



40 Amperometric Enzyme Electrodes with
Chemically Amplified Response
J. J. Kulys and R. A. Vidziunaste ...................... 1263

41 Laser Doppler Flowmetry
D. M. Boggett, R. J. Gush, T. A. King, A. Obeid
and S. Pettinger ...........c.cooiiiiiiiiiiiiiiian, 1285

42 Amperometric Biosensors
Alezander M. Yacynyeh ..............coiiiiiiiiiiin... 1317

43 Commercially Available Biosensors — The
Extent to which They Are Filling the
Needs of the User
Valerie M. Owen ............ooiviiiiiiininnsnnaneannns 1351

44 The Membrane Sensors in the Environmental,
Biological and Clinical Analysis
Lusgs Campanella and Mauro Tomassetts ............... 1369

45 Biosensor Applications of Continuous
Monitoring in Clinical Chemistry
Marco Mascins, Dansla Moscone and Giuseppe Palleschi 1429 -

46 Amperometric Biosensors and their Role in
Bioelectronic Systems .
Anthony P. F. Turner and Stuart P. Hendry ............ 1461

47 Clinical Applications of Needle-Type
Glucose Sensor
Motoaks Shichiri, Ryuzo Kawamors and
Yoshimstsu Yamasaks ..............ccoiiiiiiiinnii .. 1501



PART I: BASIC BIOSENSORS

CHAPTER 1

BIOELECTROCHEMICAL SENSORS
WITH LIVING CELLS

D. - G. Mirgineanu
Laboratorium voor Fyslologie
K. U. L. Campus Gasthulsberg

Leuven, Belgium

H. Vais
Institute of Biological Sciences
Bucharest, Romania

1.1 INTRODUCTION

The metabolism of all living cells consists in processing a large vari-
ety of molecules, which obviously implies that the celis have developed
very effective chemical transduction mechanisms. This capability is par-
ticularly evident in the case of unicellulars, but it is also shared by many
cells of higher organisms.

The distinctive feature of chemical transduction in living cells is the
precise spatial organization ~f those intracellular components involved
in the ordered transfc..nations of molecules. The vectorial character
and the high yield of ihe biochemical reactions in living matter are a
consequence of the fact that the catalysts are immobilized in their proper
milieu. The same principle was adopted since the early seventies by the
chemical analysts, when developing & third generation of chemosensors.

This development was not simply motivated by the desire to attain
a better sensitivity, but also by those evolutive constraints like speed,
versatility, and low cost, all imposed mainly by economic reasons. These
characteristics are best met by electrical measurements and therefore, in
order to introduce electroanalytica! procedures, new selective electrodes
have to be conceived. The first generation was that of ion-sensing elec-
trodes, the most familiar being those for the measurement of pH, Na*
and K*. The development of synthetic permselective membranes for
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dissolved gases led to the second generation, that of gas-gsensing elec-
trodes. A third generation that could be distinguished is that for or-
ganic compounds. Due to their chemical stability, such compounds are
not electroactive. Therefore, prior to their detection, they must be cat-
alytically split into simpler and more reactive molecules. In this way,
the ever growing family of chemical biosensors have emerged.

When constructing electrodes for organic compounds, the main prob-
lem is to immobilize the enzyme in membraneous supports with a mini-
mal loss in activity. However, even if this task is accomplished it entails
restrictions in the dynamics of enzyme structures which in turn intro-
duce severe limitations in the functioning of such electrodes. Thus the
poisoning effect of various substances is enhanced, so that the cost of
such enzyme electrodes will not meet the general economic demands.

A principally simple possibility to circumvent these problems are to
use the enzymes in their natural milieu within the cell, that is to immo-
bilize in membraneous supports whole living cells. This is the rationale
of focusing the present article to this kind of biosensors, in an effort
to reveal the problems related to such systems, as well as their merits
and drawbacks. Accordingly, after discussing the basic design of the
bioelectrochemical sensors with living cells, we present the sensors with
tissue slices. We then tackle the sensing potentialities of tle bacterial
electrodes. Special attention is paid to the characteristics and techni-
cal constraints of these electrodes, aiming to substantiate conclusions
concerning their actual and potential utiiizations.

1.2 BASIC DESIGN OF BIOELECTROCHEMICAL
SENSORS WITH LIVING CELLS

The construction of an electrode with wholé living cells is very sim-
ilar to that of enzyme-membrane probe. No matter if the final tesult
obtained after the chemical transduction is a potential difference or an
electrical current, the general requirement is to immobilize in a mem-
braneous support a convenient catalyst, which in this case is represented
by living cells, chosen for their metabolic ability to selectively transform
an organic substrate into a much simpler and electroactive compound.
The metabolical product is electrochemically sensed by the correspon-
dent selective electrode with which the membraneous support containing
the cells is attached. Therefore, this support has to be readily permeable
for both the organic molecules which are detected, and for the metabol-
ical product (or the oxygen) whose concentration is actually measured.
Apart from these, it has to match the geometry of the product-sensing
electrode.
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The whole living cells, used as catalysts in such applications, are
usually bacteria or even animal or plant tissue slices. When compared
to enzyme electrodes, both have the great advantage of much less difficult
immobilization procedure, and also the common disadvantage of a poorer
specificity.

All the works reported until now offer as bacteria immobilization pro-
cedures their enclosure either in gels!~3, or in porous materials,*® or even
the use of bacterial paste, i.e. a tiny amount of cells kept at the surface of
the main electrode with the aid of a dialysis membrane.”® Naturally, the
use of tissue slices simplifies the immobilization requirements, the slices
being sandwiched between an inner and an outer support membrane,
and the ensemble being mechanically attached to the main electrode.

The immobilized cells metabolically transform the tested substirate
into a chemically simpler compound for which the electrical detection has
been already performed, so that the whole electro-chemical transduction
is complete. Beside this, if aerobic bacteria with specific metabolic aftin-
ity towards the organic substance which has to be detected are available,
the electro-chemical chemical transduction can then be obtained simply
by monitoring the oxygen uptake.

A. Eléctrochemical Conversion Assembly

Figure 1.1 shows the general description of an experimental set-up in-
volved in the detection of organic substances. This is accomplished with
the aid of a specific bioprobe.

The electrodes used in such applications are most, frequently the gas-
sensing electrodes. Those which are now commercially available are for
NHjy,CO3,503,NO; and O;. Judging from their electrical response, all
these can be ranged into potentiometric and amperometric electrodes.

The potentiometric electrodes are based on a pH electrode. The
selective sensing capabilities are induced by a synthetic permselective
membrane which closes an electrolyte solution to the surface of the elec-
trode. The acid-base equilibrium of the solutir» is modified by the sens-
ing molecule, so that a pH response appeafs, vhich is linearly dependent
of the concentration for the given molecule in the tested medium.? There-
fore, the response of such electrodes corresponds to Nernst equation:

R T aout

a¢=—zta() (1.1)

which reflect is the functioning of a pH electrode.

ain
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Figure 1.1: The measuring scheme involved in the operation of electrodes with
bioprobes, having either current or voltage outputs

The typical amperometric sensor is the Clark oxygen electrode. Its
functioning is based on the electrochemical reduction of the oxygen to
water, at the surface of a conveniently polarized platinum wire.”® An
oxygen permeable membrane closes an electrolyte solution in which two
electrodes are immersed. The potential of the platinum cathode is set
versus a reference anode (Ag/AgCl) at a value corresponding to the
oxygen reduction to water, for practical reasons chosen in the range
0.6 — 0.8V. '

The reaction scheme is the following:

0; +4H* + 4¢™ — 2H,0 (1.2)

(Because a progressive alkalinity of the electrolyte solution thus appears,
a buffer is required).
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A

Weight
Measuring
System

Figure 1.2: The principle of flow measurements by immersion weighing. Inside
the immersed vessel, a volume of solution is separated by a membrane (whose
permeability has to be measured) from the outer soluticn having different con-
centration or composition. The apparent weight of the vessel is measured by
attaching it to one arm of a mechanical microbalance.

Due to its consumption, a continuous flux of oxygen occurs, propor-
tional to its content in the tested medium. Thus, the electrical current
between the platinum cathode and the reference anode is proportional
to the concentration of the 0y dissolved in the solution outside the mem-
brane.

B. Permeability Measurements

The permeability characteristics of the membrane supports for the
organic compounds to be probed are a limiting factor of the biosensor,
so that their measurement is a preliminary condition. There are various
physical meihods suited for measuring permeability characteristics of ar-
tificial membranes: the polarimetric methods, when optically active or-
ganic substauces, like sugars, are involved, and the powerful tracer tech-
niques, if the chemical compound can be conveniently marked. Apart
from these conimouly used procedures, we developed in our laboratory
a totally different one, namely the immersion weighing method.'!? Its
principle, presented in Figure 1.2, imposes the measurement of an “ap-
parent” weight, the difference between the real one and the buoyant
force, 5o that the e of the nuw popular electronic inicrobalances, irre-
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spective of their sensitivity, is excluded.
The apparent mass of the cylinder depicted in Figure 1.2 is given by
the equation:

M = mo + Vipi = (Vi + o) pe (1.3)

where mg is the real mass of the empty probe and its attachments,
Vi is the inner volume of cross-section S,v; the volume of the cylinder
itself, and p stands for densities. The outer solution has a volume Vo>
100V?) and the concentration cC. As for every aqueous salt solution of
concentration ¢ : p = po + k - ¢, where po is the density of the pure
solvent, and k = dp/dc is obtainable from tables of physical constants,
the following equation is obtained:

M = mg — povo + kVi{ei — ¢} — kvoc, (1.4)

Solyent and solute volume flows J,, and J,, which can be expressed by
means of the correspondent molar permeability coefficients: J = P(c; —
c.), cause V; tc change:

aV;

-;i?" = (Pw - P,)(c.- - c,) (1.5)
The tendency to approach equilibrinm causes ¢; and ¢, to have exponen-
tial time variations, so that from the above equations, the time course
of M as a double exponentia! was obtained.!!

M = M, + A(1 — exp(—at)) + B(1 — exp(—bt)) (1.6)

where A, B,a and b are known combinations of the experimental pa-
rameters and of P, — P,. Even if their general expressions are in fact
cumbersome to deal with in order to obtain P, — P,, approximations
valid within different accuracy limits can be used. For our purposes,
in view of the large V2/V? ratio, and using as a first approximation
¢; — ¢, = const. = ¢{ (the outer solution is pure water), we get from the
above equations the practical formula:
aM

e kS(cf)*(Pu - P,) (1.7)
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Figure 1.3: Bridge circuit of the differential capacitive transducer. The out-
put signal is approximately proportional with the mechanical displacement
§:Uo = 2v/2u; R*4x*v2C}6/d, where: y; = 6V is the peak-to-peak input signal,
with v = 457 kHz, given by the oscillator; d = 15 mm is the equilibrium distance
between the pan and the underneath textolite board; Co is the correspondent
capacitor value (= 10pF).1? (Reproduced with permission)

The diffusional permeability for water alone P,, can be easily obtained
with the same method, if one uses deuterium oxide (heavy water,? H,0)
for preparing the internal solution, and normal water for preparing the
external solution, with the same solute composition. In this case, the
time variation of the apparent weight of the cylinder is due to the ex-
change between external water and internal isotopic water, so that:

d—dAt-l- = -PkSH(1+V2/V)) (1.8)
Here, X is the adimensional ratio, expressed in % v/v, of the *H,O/H,0
mixtures.

In'order to obtain an electrical response, the safest way to convert the
mechanical response of the microbalance is by means of the variations
in the capacitance of two capacitors formed by placing a copper-plated
textolite board under each pan. Obviously, as the capacitance changes
are opposite, the capacitive transducer is of a differential type (Figure
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1.3).
The above presented transducer allows the measurements of mass
flows of 107 °Kg -m~? - 57!, s0 that the method is well suited for quan-

titatively expressing the permeability characteristics of those artificial
membranes used as supports in conceiving bioselective electrodes. Its
merits are of being applicable for any organic compound, with no pre-
treatment, and the continuous electrical response which is obtained is
well suited for on-line processing.

To sum up the above discussion, it results that the following general
scheme is employed for all biosensors with living cells: the probed or-
ganic compound enters the compartment, in which the living cells are
kept, here it is metabolized and electrochemically active molecules are
produced. These are in turn probed by a conventional electrode.

1.3 SENSORS WITH TISSUE SLICES

Starting from the same basic idea, namely to use for the electrochem-
ical transduction the enzymes kept in their natural milieu (the cell),
biosensors based on tissue slices showing high catalytic activity have
been developed. They are the “youngest® members of the continuously
growing family of biosensors, as the first attempt on this line - a hybrid
electrode for arginine, based on a thin beef liver tissue slice together with
isolated urease, aposed onto the surface of an N H;— gas electrode — has
been presented in 1978.

Since that, several attempts (Figure 1.4) on this line have been re-
ported, the most commonly used tissues being the porcine kidney, like in
the biosensor for glutamine reported by Rechnits et al. !* or in that one
for glucosamine 6-phosphate’?, the rabbit muscle, which presents high
catalytic activity for adenosine 5'—~ monophosphate’®, the rabbit liver,
which was used in a membrane electrode for guanine'®, or the mouse
small intestine used for the electrochemical probing of adenosine.?

Not only animal, but also plant tissues were used for constructing
membrane biosensors. Thus, a piece of the mesocarp layer from the
growing sone of a yellow squash, attached to a carbon dioxide gas elec-
trode, could serve for the electrochemical detection of glutamic acid®.
Another example is the electrode for pyruvate reported by Kuriyams et
al.'®, based on the use of maise-kernel slices in conjunction with a CO,
- gas electrode. A



