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Abstract

Glucose sensors may be applied for an improved control of diabetes mellitus.
Moreaver, they may be used in analytical chemistry as well as for bioprocess control
applications. In the first field, senser miniaturization plays an important rele, especially
when enzyme electrodes have to be used in vivo,

Glucose can be detected by a variety of methods. Simple enzyme electrodes coasisting
of an electrochemical celi and a membrane part offer the potential of highly specific,
simple and accurate biosensors. One of the most successful methed is the
amperometric detection of hydrogen peroxide formed within & glucose oxidase enzyme
membrane. Flanar devices can be realized using thin film techniques, so that they are
particularly suitable for mass production and minjaturization.

This thesis describes the development of a miniaturized planar amperometric glucose
sensor, The electrochemical microcet] consists of two platinum electrodes and one
silver/ silver chloride reference electrode. An important objective is the study of the
electrochemical behavior in order to draw a parallel between some technological
parameters of thin film processing and the electrode surface properties. The membrane
part consists of an inner glucose oxidase membrane and an outer dip-coated
polyurethane membrane. The enzymatic layer can be deposited on individual seasor
chips using a p-pipette or by spin-coating the enzyme solution on wafer level.

On wafer deposited membranes show a well defined geometry and a good uniformity
of membrane thickness and, thus, are particularly suitable for testing theoretical models
of enzyme electrodes. Hence, an other important goal of this work is the modelization
of the competitive effects of diffusion and bisubstrate enzyme teaction allowing thus a
better analysis of sensor responses.
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1.1 Disease and treatment of diabetes mellitus
1.2 Environment of the work

1.3 Cntline
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1.0 Summary

This chapter reviews generally the disease and treatment of diabetes mellitus, presents

the problems of insulin administration used so far and shows the necessity of

developing implantable glucose sensors for an improved control of diabetes. Further,

the environment of this project, its origin and evolution, is depicted. Finally the

objective and the structure of this thesis are outlined.
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1.1 Disease and treatment of diabetes mellitus

This section describes the pathophysiology of diabetes mellitus, gives a classification
of the main types of diabetes, reviews the appropriate treaiments and describes the
methods for an improved conirol of diabetes. Moreover, the aim of developing
implantable glucose sensor briefly will be discussed.

1.1.1  Pathophysiology

Diabetes mellitus is a disease manifested by the loss of control of the blood glucose
level. It is not a single disease but g ¢collection of disorders, all related by the presence
of a chronically raised blood glucose concentration (hyperglycaemia) and due
biochemically to a relative or absoluie lack of insulin [1]. Insulin is a polypeptide
hormone (molecular weight, 6000) which is synthesized, stored and secreted from the
beta cells of the pancreatic islets of Langerhans. The best understood action of insulin
is to lower the blood glucose concentration and this is mainly accomplished by
suppressing glucose ontput from the liver, but insulin also stimulates glucose uptake
into peripheral cells such as muscle and adipose tissue. The maintenance of blood
glucose levels within a very narrow range (of about 3.5-6.5 mM in the human) is
extremely tmportant since the brain uses glucose as virteally its only source of energy
and low levels (hypoglycaemia) canse mental confusion and, if sustained, coma and
death, On the other hand, high blood glucose levels cause unpleasant short-term
symptoms, such as frequent urination and thirst, and in the long term are probably a
major factor in the development of tissue damage in the blood vessels, eyes, kidneys
and nerves [2]. Moreover diabetic patients have a life expectancy of one-third less than
the general population [3].

Bleed glucose concentrations in the range of 1-30 mM may be observed in 'treeted'
diabetics. In normal subjects high tevels of glucose stimulate insulin release from the
isiets of Langerhans and low levels inhibit secretion. Evidently, the beta cell has a
glucose sensor but the full nature of this mechanism is not understood. Morcover,
when hypoglycaemia occurs, the body releases a burst of 'counter regulatory’
hormones (conisol, glucagon, adrenaline, noradrenaline and growth hormone) which
oppose the action of insulin and raise the concentration of blood glucose.
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Insulin also has many metabolic actions distinct from glucose and carbohydrate
pathways; in general it can be taken as the hormone of macromolecular synthesis,
stimulating the conversion of small molecular weight fuels into their large storage
forms, e.g. glucose into glycogen, fatty acids into triglycerides and amino acids into
proteins. Insulin deficiency causes breakdown of these macromolecules and elevates
levels of, for example, fatty acids and amino acids, as well as glucose.

1.1.2 Classification of diabetes mellitus

About one to three per cent of the population in affluent societies (five 10 ten per cent of
those over 40 years) suffer from diabetes [4]. The two main types of diabetes are
called insulin-dependent, juvenile-onset or type 1 diabetes and non-insulin-dependent,
maturity-onset or type 2 diabetes. In addition, diabetes can occur for the first time
during pregnancy, and on rare occasions it is secondary to other diseases such as
chronic pancreatitis (long-standing pancreatic inflammatioa, often due to alcoholism)
and over-secretion of the hormones which antagonise insulin (cortisol, glucagon,
growth hormone and catecholamines).

Abont 20% of diabetic patients have type 1 diabetes. The onset of the disease is nsually
in childhood and early adulthood (under the ape of 35 years) and the patiems are
usnally lean. The pathology of type 1 diabetes is one of beta cell injury leading to
complete destruction, so that blood levels of insulin are very low or absent. The canse
of this B-cell damage is not known but may be viral attack of the pancreas,
autoimmunity (i.e. antibodies or cell-mediated immuonity against the body's own
tissnes) and environmental toxins. Heredity also plays & complex and poorly
understood part since diabetes tends to run in families. Current thinking is that a
tendency to develop diabetes is inherited (perhaps a defect in the immune response
systemn) and that additional environmental triggers {viruses, toxic chemicals) are
necessary in later life for the development of the actual disease,

Type 2 diabetic patients comprise about 80% of the diabetic population and here the
onset of the disease is usuvally between 50 and 70 years of age. Many of the patients
are overweight. Again, the cause of this type of diabetes is unknown, but it is
recognized that there is (a) resistance against the action of insulin at the target organs
due, in part, to a decrease in receptor numbers and (b} impaired glucose-stimnlated
insulin secretion from the pancreas. However, the B-cell mass is intact and blood
insulin concentrations in this type of diabetes are normal or ¢levated.
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1.1.3 Treatment af diabetes mellitus

Because type I diabedcs have an absolnte insulin deficiency they must receive insulin
injections 1o live. Without them these patients become severely ill as the blood glucose
and ketone body concentrations rise; they become dehydrated, acidotic, drowsy and
eventually comatose, a syndrome known as diabetic ketoacidosis. Conventional
treatment takes the form of several (one to four) daily insulin injections given into the
subcutancous tissues of the arms, legs, abdomen or buttocks.

Type 2 diabetics are usually managed by diet or by diet and oral hypoglycaemia agents.
The latter are drugs which release insulin from the pancreas and snstain its action at the
peripheral receptors. Occasionally, type 2 patients are transferred to insulin therapy
when diet and orat agents have failed to produce sufficient lowering of blood glucose.
Usually, these patients do not develop diabetic ketoacidosis.

Insulin, diet and oral hypoglycaemic drugs are able to contro] the acute symptoms of
hyperglycaemia but in the long term complications may appear [5]. Small blood vessel
disease (microangiopathy) resalts in impaired kidney function {nephropathy) and, in
some cases, death from kidney failure. Microangiopathic changes in the eye
(retinopathy) can lead to loss of vision, so that, nowadays, diabetes is the commonest
cause of blindness in the Western World under the age of 65 years. Diabetdc peripheral
nerve disease is responsible for loss of or altered sensation, particularly in the limbs,
and neuropathy affecting the autonomic nervous system for complicetions such as
impotence and diarrhoea. Large blood vessel disease {macroangiopathy) causes
accelerated coronary artery disease, strokes and circulatory impairment in the limbs.

In spite of the terrible consequences of micro- and macroangiopathy, the greatest fear
of the insnlin-dependent diabedic is probably hypoglycaemia. Most diabetic patients
have impaired connter-regulatory’ hormone responses to hypoglycaemia so that
metabolic recovery is delayed [6). In addition, many also have no symptoms of
hypoglycaemia, such as sweating, and fail to recognise that the blood glucase
concentration is dangerously low. All insulin-dependent diabetics are at risk of
unpredictable hypoglycaemic attacks which may be caused by factors such as erradc
absorption of insulin from the subcutaneous tissue, exercise, missed meals and
inappropriate insnlin injection regimes.
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1.1.4 Methods for an improved control of diobetes

It is certainly a fact that ordinary insulin therapy is unable to maintain normal blood
glucose level thronghout the entire day and, thas, does not mimic non-diabetic insulin
secretion sufficiently closely to achieve normoglycaemia [7].

Teo improve metabolic control in diabetic patients more physiological strategies of
insulin administration have been developed. The four most important approaches are
(a) self-monitoring of blood glucose samples and adjustment of insulin dosages based
on the results, (b) electromechanical open-loop devices for continuous insulin
infusion, (c) closed-loop devices with feedback control of insalin delivery rates and (d)
transplantation of the pancreas or isolated islets of Langerhans.

Blood glucose self-monitoring techniques involve placing a finger-prick sample of
capillary blood on a strip impregnated with the enzyme glucose oxidase (e.g.
Dextrostix, Ames; BM Test-Glycaemie, Bochringer), The hydrogen peroxide
produced in this enzyme layer reacts with a dye in the presence of peroxidase giving a
colour change. The intensity is then proportional to the blood glucose concentration.
Values can be estimated by comparing the colour with a printed chart or by using a
portable reflectance meter (e.g. Glucochek, Glucometer, Ames, Hypocount,
Hypoguard). The basis of improved control using this techrique is that the patient can
close the loop himself by adapting the insnlin injection or nourishment, according to
the strip result.

The search for better methods of wreating insulin-dependent diabetes led to the
development of portable infusion systems for continuous insulin delivery. Such
systems, known as open-loop devices, consist of an insulin pump, a reservoir, and a
power supply but still are not self-regulated. Hence, the blood glucose is normalized
by a pre-programmed insulin pump at a variety of pre-set rates. The physician or the
patient decides the timing and magnitude of infusion rates based on the patient's
sensitivity to insnlin, intake of food and finger-prick samples of blood-glucose with
reagent strips. Applying this method carefully, near normoglycaemia can be achieved.
Among the intravenous, intramuscular and intraperitoneal routes of administration the
most popular technique is that of continuous subcutaneous insulin infasion [8).
Conventional ingulin therapy requires multiple daily insulin injections to achieve a near
normal physiological regulation of blood glucose. Open-loop devices do not have this
disadvantage, bat they must be carried by the patient all the time. Both conventional
insulin therapy and open-loop therapy need frequent glucose measurements by the
patient to maintain adequate glycaemic control since diet and exercise demand an



Chapter 1 Introduction

adaption of the insulin doses. This deficiency led to the development of a portable self-
regulated system, called a closed-loop system. Such a device consists of an insulin
delivery system and an implantable glucose sensor. The main advantage of a closed-
loop insulin delivery device is its independence of external glucose measurements and
its ability to cope with the variations of insulin requirements.

A closed-loop device is available commereially (the Biostator, Ames-Miles) and is
known as artificial endocrine pancreas (AEP). The AEP is a non portable bedside
machine which withdraws blood from a peripheral vein and measures the glucose
concentration. An on-board computer then caleulates, according to pre-set algotithms,
the amount of glucose or insulin to be infused into another vein to restore or maintain
normoglycaemia. The AEP is especially suitable for the investigation of changes in
intermediary metabolites and counter-regulatory hormones which accompany blood
glucose control [9, 10]. lis long-term (more than a few days) application is limited by
the intravenous insulin infusion ronte and the associated risks of thrombosis,
embolism and septicaemia.

Among the components of a closed-loop device (insulin pump, ghicose sensor and
microprocessor that translates the information provided by the sensor into the required
amount of insulin), the pump and the microprocessor are commercially available, but
reliable implantable glucose sensors have still 10 be developed.

1.1.5 The aim of developing implantable glucase sensors

As seen above, implantable glucose sensors would enable feedback control of an
external or implanted insalin-infusion pump. Moreover, as an alternative to finger-
prick sampling, an implanted sensor might give a continuous read-out of diabetic
control to aid in dosage adjustments, or making possible the recording of daily
profiles.

Small, rapid and inexpensive glucose sensors would also be desirable for in vitro
analysis of blood samples because the current generation of bench-top laboratory
analysers for bloed, serum and plasma glucose measuremnent are moderately bulky and
expensive,

In addition, most insulin-dependent diaberics have an impaired perception of
hypoglycaemia, so that an audible alarm of hypoglycacmia, triggered by an implanted
biosensor, could alert the patient to this condition during the day and wake the patient
in the event of nocturnal hypoglycaemia.
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Another serious complication of type 1 diabetes is the ketoacidosis with a mortality up
to 5% [11]. k is probable that an early warning of rising blood glucose values from an
implantable biosensor would prevent further metabolic deterioration,
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1.2 Environment of the work

In the beginning of 1984 "I'Association Neuchételoise du Diabete (AND)" proposed
the development of an artificial pancreas in Neuchérel and initiated a collaboration
between the Institute of Microtechnology of the University of Neuchitel and the
"Laboratoires de Recherches Métaboliques de la Faculié de Médicine (LMR)" of the
University of Geneva, At the same time both university groups began a bibliographic
study. In July 1984 the 1wo groups decided to define a common project on glucose
sensors as a main part of an artificial pancreas. In Octaber 1984, the evaluation of the
best sensing method for such a glucose sensor was undertaken, This work was
supporied by the AND. The literature study resutted in the internal repon entitled
"Stand der Forschung von implantierbaren Glukose-Sensoren". On the basis of this
study the realization of an amperometric enzyme sensor was proposed. It was decided
that the technological development would be carried out in Neuchitel whereas the in
vive characterization would be taken up in Geneva.
In February 1985 a research request was submitted 1o the Swiss National Science
Foundation (national program no. 18, "Biomedical techniques”) entitled "Development
of a specific glucose sensor for ameliorating the treatment of insulin-dependent
diabetics”. In Augnst 1985 this request, now entitled "Development of a specific
glucose sensor for an artificial pancreas”, has been granted for a period of four years,
In September 1985 an additional request was submitted to the Foundation Lord
Michelham of Hellingly and has been accepted in February 1986, In automne 1986 the
IMT and the company Disetronic Lid. in Burgdorf submitted jointly a research request
"Entwicklung eines klinisch-ginsetzbaren Glukose-Monitors” to the Swiss Committee
for the Promotion of Applied Scientific Research. It was granted in summer 1987.
The results of this research have been presented at the following conferences:

Joumées de Microtechnique et de Génie Médical, 8.-9. September 1986,

Lansanne, Suisse:

"A Planar Enzymatic Sensor for the Determination of Glucose”

Transducers 87, 2.-5. Juni 1987, Tokyo, Japon:

" Voltammerry - A powerful tool for evaluation and process control
of thin film electrodes

Eurosensors II, 2.-4. November 1988, Twente, Pays-bas:
" A planar glucose enzyme electrode”
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Int. Symp. on Electroanalysis and Sensors, 6.-9. April 1987, Cardiff, Wales:
"Fabrication and characterization of a planar microelectrochemical cell”

172nd Meting of Electrochem. Soc., 18.-23. October 1987, Honolulu, Hawaii
"Immobilized enzymes studies using a thin planar electrochemical cell”

Moreover the following papers have been published:

8. Gemet, M, Koudelka and N.F. de Rooij
A planar gliucase enzyme electrode
Sensors and Actuators, Vol.17, No.3/4, p.537 (1989)

5. Gemnet, M. Koudelka and N.F. de Rooij

Fabrication and characterization of a planar electrochemical cell and
its application as glucose sensor

Sensors and Actuators, Vol .18, No.1, p.59 (1989)

M. Koudelka, 5. Gernet and N.F. de Rooij
Planar amperometric enzyme-based glicose microelectrode
Sensors and Actuators, Vol.18, No.2, p.157 (1989)
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1.3 Ontline

In Chapter 2 the most common methods of glucose measurement are reviewed and
their features are discussed.

Chapter 3 describes the principte of amperometric glucose detection. Further, the
structure and reaction scheme of the enzyme glucose oxidase and its specificity to the
B-D-glucose isomer are detziled. In order to understand the basic behaviour of an
enzyme clectrode, the different enzyme kinetics are brizfly described. Since the enzyme
glucose oxidase obeys the two-substrate reaction scheme (glucose and oxygen), the
thermodynamics of dissolved oxygen is presented.

Chapter 4 trears the major immobilization methods of e¢nzymes, The further
properties of immobilized enzyme layers depend on the immobilization method used.
The kinetics as well as the mass transfer effects are described and applied o weat the
enzyme membrane behaviour theoretically.

Chapter 3 presents the different designs of the planar electrochemical microcells used
for the amperometric detection of hydrogen peroxide. The fabrication procedures of
these three electrode devices are detailed and their electrochemical behavionr is
described. The electrochemical cell is then combined with an enzymatic membrane, and
in order to render the sensor response less dependent on partial pressure of O,, an
additional onter polyurethane membrene is dip-coated. The thus completed device is
characterized in physiological solutions and tested in vivo, subcutaneously imptanted
in rats.

Furthermore, thin enzyme membranes are also deposited on wafer level by the IC
compatible lift-off technique and their reproducibility (homogenity, thickness, sensor
response) is discussed. '

In Chapter 6 the amperometric response of the glucose Sensitive electrode is
modelized by combining the bisubstrate ping-pong enzyme kinetics and internal mass
transport. The method of finite differences is then applied to solve the time dependent
differential equations numerically. In order to determine the model parameters, digital
simulation is used to fit theoretical calibration curves to experimental ones,

Chapter 7, finally, surmmarizes the most imporiant conclusions of this work,

10
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2.0 Summary

The principal methods used to assay blood samples for glucose have undergone an
evelution from general chemical assays for reducing sugars, throngh the more specific
biochemical approach, to the present numerous proposals for biosensors.

Simple enzyme electrodes consisting of an electrochemical cell and a membrane part
offer the potential of highly specific, simple and accurate biosensors. Nowadays,
devices based on either amperometric hydrogen peroxide detection or electrochemical
oxidation of an electron transfer mediator are the most successful. Furthermore, planar
devices can be realized by using thin film techniques, so that they are particulariy
suitablc for mass production and miniaturization,
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Chapter 2 Glucose measurement

2.1 Detection methods

Diabetes is classically considered a disorder of glucose metabelism, since glucose was
the first abnormal metabolite to be recognized. Therefore, a specific glucose sensor is
generally regarded as the most appropriate device and the efforts in biosensor

. development have been concentrated in this field. However, as seen in chapter 1,
blood and probably tissue levels of many other intermediates of carbohydrate, fat and
protein metabolism are disturbed [1] and may offer alternative measures of controt [2].
Since most clinical information in diabetes concerns blood giucose levels it would be
of most interest to be able to sense metabolic activity in this compartment. An overview
of the different glucose detection methods is given in Fig.2.1.

glucose detection methods

invasive non-invasive
in vitro in vivo
wvascular tissue
space fluid

Fig. 2.1; Glucose detection methods

Non-invasive glucose sensing has been achieved by measurement of the optical
properties of the aqueous humour of the eye [3]. Recently, a novel blood glucose
monitoring system has been developed by applying a SOS§/ ISFET (silicon on
sapphire/ ion-sensitive field-effect transistor) biosensor to a SEF {(suction effusion
fluid} [4]. Tt seems that the SEF, collected through the skin by evacuation, contains
almost the same amount of glucose as that in the serum. Hence, such a system enables
non-invasive transcutancous blood glucose monitoring,.
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Chaprer 2 Glucose measuremert

The invasive methods can be divided into in vitro and in vivo detection methods.
Applying the former means withdrawing samples of blood or tissue fluid and
measuring the glucose level by chemical assays or by the use of biosensors. In vivo
measurements are carried ount by implanting biosensors directly in the vascular space or
another suitable implantation site.

Unfortonately, long-term implantation within the vascenlar space is associated with
thrombosis and infection. It is generally assumed that the ussoe floid in the
snbcutaneons, intramuscular or even intraperitoneal sites will be in dynamic
equilibrinm with plasma glucose, through diffusion across the capillary wall, and that
they would therefore be snitable sensor implantation sites. There is little information on
the actual glucose concentration of these positions becanse of the difficulty of obtaining
tissue fluid samples without disturbing the local architecture, vascular permeability and
flow.

In addition to the concentration of glucose or changes in other variables at the
implantation site, the interaction between the sensor and the biological environment
must be considered. This especially refers to interfering chemicals which affect the
sensor response. Moreover, the sensor behaviour is also influenced by proteinases
which may degrade component enzymes in the sensot, and proteins, as well as cells
and blood components (such as fibrin and platelets) which may encapsulate and/or
physically or chemically foul the implant. Such imeractions will probably be markedly
different at various potential implantation sites as well as highly dependent on the
nature of the sensor.

Nowadays most investigators are concentrating on miniaturized implantable sensors;
any associated electronics may be implanted with the sensor or the signal may be
relayed to the outside of the body for processing and read-out.
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2.2 Anglysis methods

Glucose analysis methods can be divided into two groups: the chemical and enzymatic
assays. Fig. 2.2 gives an overview of the different analysis methods. The best known
chemical test for glucose involves its reaction with aikaline copper solutions, which
readily oxidize the disaccharides (with the exception of sucrose) and the
monosaccharides. With the oxidaton of the sngar there is simultaneous reduction of
copper (III) w insoluble, red copper (II) oxide, which can be determined
quantitatively. Numerous variations on this theme have formed the basis for most of
the laboratory and home glucose-monitoring methods until the 1960s. Colour changes
are determined either spectrophotometrically or visually, and complex autoanalytical
equipment has been built to carry ont the reaction in clinical laboratories.

analysis methods

/\

chemical enzyme
assays assays
laboralory biosensors
0§5aYS
fibre-opiic
biosensors
thermisiors
catalytic
¢lectrochemical electrochemical
sensors enryme sensors
mediated hydrogen
enzyme elecrodes peroxide

Fig. 2.2: Overview of the glucose analysis methods.
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Chapter 2 Glucose measurement

The desire to determine glucose more specifically in clinical samples led to the adopiion
of enzymatic assay procedures. One standard laboratory assay for glucose involves
two enzyme reactions [2]: the first one is the hexokinase (D-hexosc-6-
phosphotransferase) catalyzed phosphorylation of glucose in the presence of
magnesium jons and adenosine triphosphate (ATP),

D-glucose + Mg ATP —> glacose-6-P + Mg. ADP (2.1)

The second enzyme, glucose-6-phosphate dehydrogenase {D-glucose-6-phosphate:
NADP+* 1-oxidoreductase) is a stereospecific, nicotinamide adenine dinncleotide
phosphate (NADP) dependent dehydrogenase:

glucose-6-P + NADP+ —> Gluconate-6-P + NADPH + H*  (2.2)

The formation of NADPH may be followed either directly by ultra-violet
spectrophotometry or by coupling to the reduction of a colorimetric reagent such as
iodonitrotetrazolium,

An alternative biochemical assay for glucose exploits the following reaction catalyzed
by the flavoprotein glucose oxidase (GODY):

cOoD .
glucose + Oy + HYO —>  gluconolactone + H,0, (2.3)

This assay is less specific than the hexokinase-based sequence, but is simpler, cheaper
and facilitates a number of approaches 1o monitoring the reaction; these advantages
have led to widespread use of the GOD in clinical analysis and its inclusion in most
proposed biosensor configurations, Hydrogen peroxide production may be followed
colorimetrically by adding peroxidase and a chromogenic oxygen acceptor:

chromogenic oxygen acceptor + H,O, —> chromogen + O, (2.4)

This reaction forms the basis for laboratory analysers and commercially available
glucose test strips. The strips consists of dried reagents impregnated into a paper disc
mounted on a plastic strip.
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2.3 Biosensors

The demands of automation led to the development of biosensors, which can be
divided into thermistors, fibre-optic bioscnsors, catalytic electrochemical sensors and
electrochemical enzyme electrodes.

Enzyme thermistors use the fact that most enzymatic reactions are exothermtic; the heat
generated ¢an be measured and related to the amount of substrate converted. Enzyme
thermistors have been constructed to measure glucose concentration using either
hexokinase or glucose oxidase and catalase [5]. These devices are closely related 1o an
immobilized enzyme reactor, retaining a flow-through design and incorparating a
bulky heat exchanger, so that enzyme thermistors may only be used in bedside artificial
pancreas.

An imeresting approach of coupling biochemical reactions with optical fibres has been
described by Schultz and Sims [6). Their sensor is based on the detection of
fluorescence from a fluorescine-labelled dextran via a single optical fibre. When the
dextran is exposed to concanavalin A and glucose a competitive displacement reaction
occurs:

concanavalin A + glucose === concanavalin A - glucose )
(2.5
concanavalin A + labelled dextran === concanavalin A - labelied dexran

The amount of free dextran is therefore related to the glucose concentration. A probe
has been constructed by enclosiag the reactants in a dialysis hollow fibre permeable to
glucose, The probe responded non-linearly up to 10 mM glucose with a response time
of 10 min [7].

The traditional method of determining pH using indicator dyes may be improved by the
use of fibre optics or semiconductor-based optical systems. Fibre optic pH probes
have been produced for physiclogical uses [8] ; they consist of two single-strand optic
fibres with a light source and detector at one end and a pH seasitive dye, such as
phenol red, at the other. Light from a tungsten source is transmitted down the fibre,
through the dye and back along the second fibre to a photomultiplier be.
Immobilization of enzymes such as glucose oxidase in the vicinity of the dye can
convert this device to a biosensor.

An optoelectronic sensor using glucose oxidase co-immobilized with bromocresol
green on a transparent membrane has been described by Lowe [9]. The membrane is in
contact with liquid in a flow cell and the complete arrangement is sandwiched between
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a light emitting diode (LED) and a photodiode with an integral amplifier. The ourput of
the photodiode is reported to be directly proportional to glucose concentrations up to
70 mM, but presumably some dilution of the sample is occurring in this configuration.
The sensor has a haif life time of approximately 7-8 days. Fibre optic devices offer
some potential advantages over electrochermical systems; in particular, designs
allowing total electrical isolation of the device from the body and sources of electrical
noise may be envisaged.

Electrochemical methods can be used either for a direct catalytic oxidation of glucose at
a metal electrode or in combination with an enzymatic reaction. The oxidation of
glucose at catalytic (e.g. noble metal) electrodes is relatively non-specific and reguires
complex voltage regimes and data analysis to resolve the glucose concentration in
physiological solations [10-12].

Electrochemical methods in tandem with an enzyme such as glucose oxidase, however,
offer the potential of highly specific, simple and accurate sensors for the use in biology
and medicine. This configuration forms the basis for the most widely adopted glucose
biosensors to date. For this reason, electrochemical enzyme sensors ere reviewed
separately in the next section.
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2.4 Electrochemical enzyme sensors

Electrochemical enzyme sensors for glucose measurement are generally based on the
GOD catalyzed oxidation of glucose as described in eq.(2.3). The maost obvions
approach is to follow changes in the concentration of one of the reactants or products,
i.e. oxygen, gluconalactone or hydrogen peroxide by using an electrochemical sensor.
Electrochemical devices can be grouped into two categories: the potentiometric and
amperometric, Potentiometric sensors are measuring a zero-current potential, as it is
done for example in ion-selective electrodes. On the other hand, the potential of
amperometric sensors is maintained at a value that allows the reduction or oxidation of
substances at an electrode surface. In this case, the resulting cutrent is measured,

In its simplest form an enzyme electrode consists of a thin enzymatic layer held in close
proximity to the active snrface of a transducer, a snitable reference electrode and a
circnit for measuring either the potential difference generated between the two
electrodes or the current that flows berween them. The relationship is linear for an
amperometric electrode and logarithmic for a potentiomerric one.

The most direct parameter to monitor, however, would be the amount of reduced
glucose oxidase. Direct eleciron transfer from the prosthetic gronp of glucose oxidase
to an electrode has been proposed using chemically medified graphite electrodes [13]
or platinum electrodes [14, 15). In order to achieve better kinetics of direct electron
transfer between the enzyme GOD and electrode material it is important that the transfer
is facilitated by promoting proximity between the enzyme active site and the conducting
surface of the electrode. Therefore, Foulds and Lowe [16] have concentrated on
enzyme immobilization techniques using the entrapement of enzymes in conducting
polymer films providing a controlled method of localisation of biologically active
molecules to defined areas on electrodes and thus allowing direct electron-transfer from
the conducting matrix to the electrode surface. They thus immobilized GOD in 2
pelypyrrole matrix, which was electrochemically deposited on a platinum electrode.

A similiar method has been described by Tamiya and Karube [17]. They used micro
gold electrodes covered by a polypyrrole/ GOD matrix, but additionally 1,1'-dimethyl
ferrocene has been applied as a mediator of electron transfer berween adsorbed GOD
and the polypyrrole-modified electrode. Thus prepared enzyme electrodes show a
response range between 2.5 and 30 mM glncose.
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2.41 pO, measurement

Oxygen consumption ¢an easily be measured by using a polarographic oxygen
electrode. Glucose and oxygen diffuse from a sample into the enzyme layer and the
consequent depletion of oxygen at the electrode surface provides a measurement of the
glucose concentration.

This Clark-type oxygen electrode is obviously highly susceptible to fluctnations in
partial pressure of oxygen. In addition, the signal related to glucose concentration is
derived from a reduction of an initially high current; this makes a weil-balanced
differential measuring device essential for accurate determinations. Despite these
inherent limitations some promising results have been obtained. The first definitive
paper describing an immobilized enzyme electrode was due to Updike and Hicks [18].
In their device, glucose oxidase was immobilized in a polyacrylamide gel at an
amperometric oxygen electrode. A secand electrode was included, covered with
denatured enzyme, in order to compensate for extraneous fluctuations in oxygen
tension and background currents due to species other than glecose. The difference in
pO;, current between these two oxygen cathodes hence became a measure of the
glucose concentration.

Notin [19] developed a glucose biosensor where the enzyme was immobilized in a
polyacrylamide gel on a cellulose acetate membrane formed on the tip of an oxygen
elecuode. The sensor gave a linear response over the range 0.2-11 mM glucose and
results correlated well with a colorimetric method.

An implantable glucose sensor using an oxygen electrode was first described by Layne
[20). This sensor measured glucose concentration by the difference in the oxygen
tension between the enzyme electrode and the reference oxygen electrode, giving a
linear response up to 8.3 mM glucose. Kondo [21] developed a miniature glucose
sensor using an oxygen electrode with a glucose oxidase membrane covered by a
semipermezble membrane. This sensor produced a linear response up to about 11 mM
glucose and lost only 10% of its activity during 200 h continuous use in buffer. The
sensor had a response time in blood, however, of 10 to 20 min. In vivo experiments
were performed using an external arterio-vencus shunt and the output of some
electrodes showed a reasonable correlation with blood glucose levels. There are other
important probes, such as those of Bessman and Schultz [22). The oxygen had access
to the two galvanic electrodes through a polypropylene membrane, the external side of
which was fasiened to a matrix of nylon cloth, Glucose oxidase was covalently bound
to the matrix, at the working clectrode, by glutaraldehyde. The whole system was
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contained in a plastic disc of 2 cm diameter by 0.25 em depth. The sensor had a nseful
in vivo lifetime of four days but a less than optimal sensitivity to glucose, due in part to
the low oxygen partial pressure in subcutancous tissues. Much smaller oxygen
electrodes can be designed using photalithography and thick film metallisation [23].
Glucose-oxidising bacteria have been used in place of purified enzyme 1o produce
biosensors for fermentation monitoring. Karube [24] described a glucose sensor
consisting of immobilized Pseudomonas fluocrescens in a callagen membrane retained
at an oxygen ¢lectrode. This approach produced a relatively stable sensor which
showed no decrease in carrent output over a two-week period and 150 assays.
However, the sensar took 10 min 1o reach steady state and was relatively non-specific
because of the ability of the bacteria 1o oxidize other substrates. A linear range of 0.01
to 0.1 mM was reparted.

2.4.2 pH measurement

In a paper dealing with continuans maniforing of blood chemistry, Clark and Lyons
[25] nsed the term enzyme ¢lectrode and proposed the first designs for a glucose
biosensor. In this original paper the glucose oxidase was retained by Cuprophane
membranes at a glass pH electrode. The increase in hydrogen ion concentratian
resulting from the glucase oxidase reaction was related to the glucose concentration,
the temperature, the initial pH and the buffering capacity of the sample. Nilsson [26}
showed that glucose could be determined in this manner down to 1 mM, but the
response to glucose was non-linear. The high impedance of potentiomerric electrodes
makes them particularly susceptible to electrical noise. Moreover, they need an accurate
reference potential.

Alternative pH detectors may be incorporated inta biosensors. Janata {27] propased an
enzyme-caupled transistor (ENFET) by using a field-effect transistor (FET) to detect
the pH change associated with the actian of glucose dehydrogenase on B-D-plucose.
Similar configurations may be considered for glucose sensors using appropriate
enzymes: Katsube [28] constructed recently a FET glucose sensor by fixing the
enzyme glucokinase, obtained from a thermophilic bacterium, into a matrix of
polypyrrole film. The latter was prepared by an electro-polymerization rechnique.

21



Chnpter 2 Glucose measuremnent

243 H,0; measurement

The most successful giucose biosensors produced 1o date detect the hydrogen
peroxide. The preferred method is the direct electrochemical oxidation of hydrogen
peroxide:

H,0, —> 0;+2H +2¢ (2.6)

In 1970, Clark patented a device based ou this principle which was subsequently
successfully commercialised by the Yellow Springs Instrument Company. Glucose
oxidase was immobilized between two membranes and the hydrogen peroxide
produced measured amperometrically by oxidation on a platinum electrode at +700 mV
vs. the saturated calomel electrode (SCE). An outer polycarbonate membrane served to
exclude large molecules and to produce a diffusion-limited enzyme elecirode, with
consequent advantages in the stability and linearity of response. A cellulose acetate
membrane separated the enzyme layer from the electrode, thus reducing the access of
molecules larger than hydrogen peroxide, such as ascorbic acid, that may undergo
oxidation at the anode. A 14:1 dilution step in the instrument ensures that the
concentration of potentially interfering substances is reduced to manzgeable levels and
that the oxygen concentration in the sample does not limit the reaction. Guilbault [29]
described a similar enzyme electrode consisting of a thin film of glucose oxidase hetd
in place on a platinum clectrode by cellophane. Analysis of the kinetic respouse of the
electrode was used to reduce the time of measurement from 1 min to 12 5. The
electrodes were relatively stable showing approximately 0.1% change per day for over
10 months at room temperature. High sensitivity is possible with this configuration;
glucose has been measured down to 10 nM using amperometric hydrogen peroxide
detection with electrochemical interference compensated for by a non-enzymatic
electrode [30]. Fogt [31] described an on-line glucose analyser, which is incorporated
in a computerised feedback control system for dynamic control of blood glucose (the
Biostator).

Potentiometric measurement of glucose concentration is the principle of a sensor
developed by Lin [32). Glucose oxidase and catalase were immobilized in
polyacrylamide gel around a platinum screen, This electrode produced a direct
potentiometric signal with reference to a standard Ag/ AgCl electrode. The potential
difference was linearly related to the logarithm of the concentration of glucose. The
reaction mechanism is not entirely clear, but it seems that hydrogen peroxide is the
apparent souree of the potentiometric signal.,
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It is important that variation in oxygen tension should not affect the glucose sensor,
particularly in the case of in vivo devices where dilution steps are impractical. One
approach to the oxygen limitation problem is in situ peneration of oxygen by the
electrolysis of water, a principle which has been applied by Enfors {33} to produce an
oxygen-insensitive glucose probe for fermentation control.

The best reported in vivo results, however, have been obtained by using membranes
which restrict the diffusion of glucose while allowing relatively free passage of
oxygen, thus cnsuring that the glucose oxidase reaction is glacose-limited over a wide
range of oxygen concentrations [34-38). Fischer and Abel [34) described 8 GODY/
H,04 sensor consisting of a central platinum anode smelted into glas and a silver
cathode, which surrounds the anode. Glucose oxidase is immobilized onto sepharose
and placed between two hydrophilic cellulose acetate membranes. This sandwich is
covered by an additional hydrophobic Teflon membrane, which is mechanically
perforated (about 0.1 mm) precisely in front of the anode. This outer hydrophobic
membrane is permeable to glucose in the scope of a well-defined perforation only
while the oxygen can enter through the entire membrane area. In vivo tests showed
reasonable correlation between the sensor output and the plasma glucose reference
values with a response time between 90 and 120 s. The linear range for in vitro
calibration was up to 40 mM glucose.

The needle-type glucose sensor developed by Shichiri [36-38] is worth of a particular
mention since it comes closest to satisfying the requirements for an implantable sensor.
The electrodes consist of a fine platinum wite with a bulbous tip, which is coated with
glucose oxidase immobilized in a cellulose acetate membrane containing heparin. The
bulb of the electrode is further coated with a polyurethane membrane and the remainder
of the electrode is encased in a glass wbe. An outer tube of silver-plated stainless steel
serves as the cathode and reference, and hydrogen peroxide is detected by poising the
platinurn ancde at 600 mV. Even though currents were only in the order of nanoamps,
electrical noise did not appear to be a problem. The response was directly proportional
to glucose concentration up to 27.7 mM with a response time of 16.2 s (to 90% of the
steady state value), Oxygen tensions in the range 25-150 mm Hg did not significantly
affect the readings obtained. The output of sensors implanted in the subcutaneous
tissue of dogs decreased by 12.8% over a four-day period. Sensors were also used for
four days as part of an artificial pancreas to control blood glucose in pancreatomised
dogs within the range 5- 9.5 mM. The effect of substances such as ascorbic acid,
tyrosine and uric acid, which may also have been oxidized at the anode, were not
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discussed; these may, however, have been largely excluded by the cellulose acetate
membrane. The same principle, i.c. deposition of polyurethane as outer glucose
diffusion limiting membrane, has been used by several other research groups [39-42]
and their in vitro and in vive results are comparable with those found by Shichiri.
Very small glucose sensors can be realized by the use of integrated circuit (IC)
fabrication processes. Hence, Murakami [43] built miniaturized glucose sensors
consisting of a gold working electrode covered by an immobilized glucose oxidase
membrane and a gold auxiliary electrode. A pH sensitive 1SFET was applied as
reference electrode. The ISFET and baoth gold electrodes were made on a silicon on
sapphire (SOS) wafer and a 1000 A thick Si3N, layer was used as pH sensitive
membrane, The GOD immobilized membranes were deposited on wafer level and a lift
off technique was used as pattermning process [44].

Sansen developed a planar glucose sensor focussing the attention on the compatibility
with standard CMOS processing so that interface electronics (potentiostat) can easily
be integrated together with the sensor on the same chip (45]. The counter (auxiliary)
and working electrode were made in platinum and the reference electrode was a2 Ag/
AgCl electrode. The GOD membrane was immobilized on the sensing area of all three
clecrodes. Recently, Sansen and Lambrechts [46] described a new smart sensor which
integrates a planar voltametric structure, a CMOS interface circuit and a temnperature
sensor all on the same chip (750 pm by 5000 pm). The opamp had a dynamic input
range from +1 to -1 V, so that glucose as well as oxygen could be measured. The
sensor specific layers are deposited on the wafer after the complete CMOS processing.
A silicon nitride passivation layer protects the interface circuit from the analyte.
Palysilicon was used as the interconnection material between the electronics and the
clectrodes.

The combination of thin film and photochemical immobilization techniques is a new
approach for the fabrication of miniaturized biosensors. Buxbaum [47] realized
miniaturized three-elecarode electrochemical cells by evaporating metal layers (Ty Ptor
Ti/ Pd, Ti/ Ag) on glass substrates isolated with a silicon nitride film. The Pt or Pd
surfaces were oxidized electrochemically in diluted aqueous oxidizing solutions. These
modified surfaces were then derivated with aminoorganic sililating agents and a
bifunctional, redox active and photochemically sensitive reagent was applied 10 couple
the enzyme. Nafion (a fluorinated and sulfonated polymer) was used to protect the
enzyme layer and to medify the diffusion characteristics of the electrode.
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2.4.4 Electron transfer mediators

According to the previous sections, the amount of glucose present in an analyte
solution can be determined by following amperometrically either the rate of oxygen
consumption or the rate at which hydrogen peroxide is produced. This carrent is nat
always only a function of glucase concenation alane; at higher substrate levels a first
limitation due to partial oxygen tension (pO,) may appear. Secondly, the potentials
required to reduce oxygen or oxidize hydrogen peroxide are sufficiently extreme so as
to introduce the possibility of interferences. :

Glucose oxidase is an FAD (flavin adenine dinucleotide) containing enzyme (see
chapter 3). During the catalytic cycle the flavin prosthetic group is first raduced by
glucose and then reoxidized by molecular oxygen. The role of oxygen can be replaced
by an electron transfer mediator. In this context, a mediator (M) is a low molecular
weight redox couple which shuitles electrons from the redox centre of the enzyme to
the surface of the indicator electrode. A practical configuration has the mediator in
close contact with the electrode surface in such a way that it is able to react with the
reduced enzyme and undergoes rapid charge transfer at the electrode surface:

in the membrane:  glucose + FAD + HyQ —> gluconolactone + FADH;  (2.7)
FADHy +2M —> FAD +2 M- +2H* (2.8)
at the electrode:  2ZM- —> 2M+2e (2.9

The rate at which the reduced mediator is produced is measured amperometrically by
oxidation at the electrode.

There are various successful approaches to diverting electons from their natural
electron acceptor (oxygen). Williams [48] developed an enzyme electrode in which
oxygen was replaced by benzoguinone in the gincose oxidase catalyzed reaction:

glucose + benzoquinane + HyO —> glucanic acid + hydroquinone (2.10)

The hydroquinone produced was measured amperometrically by oxidation on platinum
poised at a potential of +400 mV (SCE):

hydroquinone —> l:;cnzoquinone +2H*+2¢ @211
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The enzyme was retained at the electrode in a porous gel covered with dialysis
membrane. A second non-enzymatic electrode was used to compensate for background
currents due to nen-specific oxidations. The sensor took 3 to 10 min to reach steady
state and gave a linear response up to approximately 5 mM glncose.

Recently, Tkeda [49] described a similar glucose sensor using benzoquinone as
cofactor. Glucose oxidase was immobilized ort the surface of a p-benzoquinone-carbon
paste electrode by coating the enzyme-loaded surface with a niwocellulose film.
Properties of the sensar include the electrocatalytic oxidation of glucose with a linear
range up to 15 mM, a respense time of about 20 s and insensitivity to variations of
oxyegen tension in sample solutions.

Other mediaters such as 2,6-dichlorophenol indophenol [50) and hexacyanoferrate
(IIT) [51] have been used to couple the glucose oxidase reaction electrochemically, but
they are too soluble for nse in an immobilized configuration.

The ideal mediator should rapidly accept electrons from the reduced enzyme and
exhibit good electrochemistry at a practical elecirode, It should be amenable to
immobilization, stable in both the reduced and oxidized forms, independent of pH and
the reduced state should be unreactive with oxygen. In order to avoid interferences due
1o the oxidation of extraneous compounds al the electrode, the redox potential of the
mediator should be low. Cass [52, 53] has shown that one group of compounds that
meel these criteria, ferrocene and its derivates, may be incorporated into enzyme
electrodes. Moreover the use of ferrocenes (bis(n3-cyclopentadienyl)iron) has a
number of advantages: they have a wide range of solubilities in different solvents; most
are heat-stable; they can be polymerized and they can be used 10 modify other
molecules, including proteins. In addition, and undoubtedly of most importance,
substituents can be introduced on either or both of the cyclopentadienyl rings while
retaining the properties of a simple one-electron redox couple. Glucose sensors were
constructed by covalently attaching glucose oxidase ro 1,1-dimethylferrocens
modified carbon foil electrodes. In this configuration, electrochemically generated
ferricinium ions act as oxidants for reduced glucose oxidase. Once the ferricinium ion
has been reduced (Fecp,R* > Fecp,R) it is reoxidized at the electrode surface. The
enzyme catalyzed reaction may be summarized as follows:

glucose + GOD,, —> gluconolactone + GOD .y (2.12)

GODpq+ 2 Fecp;RY —> GODy, + 2 Fecp,R + 2H* (2.13)
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The ferricinium ion is regenerated at the carbon anode. Depending on the remainder
molecule R its potential vs. SCE is between +100 and 450 mV:

2 FecpyR === 2Fecp,R™+2¢" (2.14)

These ferrocene-mediated enzyme electrodes exhibited a broad linear range (up 1o 30
mM) while retaining a short response time (20 s t0 95% of steady state current). Since
oxygen is no longer required for the reaction, the electrodes function both aerobically
and anaerobically, showing little oxygen interference over the normal physiological
range.

Claremont [54] described a potendally implantable glucose sensor based on direct
ferrocene-mediated electron transfer between immobilized glucose oxidase and a
graphite electrode. Pickup [55] stadied the irnprovement of the stability of ferrocene-
based sensors by better retention of the enzyme at the electrode. Electrodes in which
the base sensor was platinum and the enzyme was covalently attached to agarose
showed the best results. He concluded that both ferrocene-mediated and hydrogen
peroxide-detecting amperometric glucose sensors with a high density of covalently-
linked enzyme have the best operating stability.

Recently, a pen-type device based on this ferrocene mediated electron transfer has been
developed [56]. The device is designed for glucose self-monitoring [57] and is
commercialized by ExacTech. It consists of a sensor pan, designed as a throw away
device and a pen containing the electronics and a digital indicator. The sensor consists
of a planar two-electrode cell onto which the enzyme and mediator are immobilized.
The device shows a linear range up to 25 mM glucose and the storage life-time of the
test stripes is more than two years [58].
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2.5 Conclusions

Simple enzyme electrodes lend themselves particularly well to mass production and
miniaturization, since they consist essentially only of a protein layer over a suitable
conductor. Advances in IC technalagy [59] are likely to facilitate the rapid application
of biosensor technology and, moreover, offer the possibility for the realization of
multi-biosensors. New glucose menitoring devices appearing in the near future are
likely to be electrochemical, based on either amperometric hydrogen peroxide detection
or mediated electron transfer. There is no clear indication that biosensors for in vivo
use will achieve lifetimes of more than a few weeks of continuous operation; it is the
stability which is still limiting the practical nse of enzymatic glucose sensors.

The aim of this work is the development of an implantable glucose sensor with
emphasis on its reproducible mass production. Based on the previous results showing
the rather limited life time of biosensors it appears that throw-away devices for short-
time use are desirable. That is why thin film techniques have been applied to fabricate
miniaturized electrochemical enzyme electrodes whase theoretical aspects are treated in
mare detail in the next chapter.
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1

Theoretical aspects of the glucose electrode

3.0 Sommary

3.1 Introduction

3.2 Principle of amperomeiric glucose detection
3.3 Enzyme kinetics

3.4 Thermodynamic aspects of dissolved oxygen
3.5 Conclusions

3.6 References

3.0 Summary

This chapter depicts first the structure and reaction scheme of the enzyme glucose
oxidase and describes its specificity to the B-D-glucose isomer. The principle of
amperometric glucose detection is then detailed. The detection method used in this
work is the electrochemical oxidation of hydrogen peroxide formed by the GOD
catalyzed oxidation of glucose. In order to understand the behaviour of an enzyme
electrode, a basic knowledge of the enzyme kinetics is required. Since the enzyme
glucose oxidase obeys the two-substrate reaction mechanism, the substrate (glucose)
and cosubstrate (oxygen) concentrations in the sample have to be known for the
interpretation of the scnsor response. Therefore, the thermodynarnic behaviour of
dissolved oxygen is briéﬂy reviewed.
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3.1 Introduction

The survey of the most common glucose detection methods has shown that the best
prospects for in vivo glucose monitoring may be offered by small electrochemical
enzyme electrodes implanted at subcataneons tssue site. Such a biosensor may be
realized by placing a membrane containing the immaobilized enzyme over a
conventional electrochemical cell. Moreover, this simple arrangement allows the use of
thin film techniques which offer the potential of the most far-reaching miniaturization.
This chapter describes the workiag principle of the semsor which is based on the
enzymatic oxidation of glucose followed by an electrochemical oxidation of hydrogen
peroxide. Further the structure and reaction scheme of the enzyme glucose oxidase and
its specificity to the B-D-glucose isomer are detailed,

The general physicochemical phenomena used to describe such an amperometric
enzyme electrode are complex, including mass transport through the external medium
and within the catalytic membrane, the enzyme reaction and factors that effect its
kinetics, and the nature of the electrochemical process by which the product is
analyzed. For a tetter understanding of the amperometric enzyme electrode
characteristics the basic enzyme kinetics are reviewed, Since the enzyme glucose
oxidase follows the two-subsirate reaction scheme, its kinctics depends on both the
snbstrate (glucose) and cosubstrate {oxygen). Thus, for the interpretation of a
measured catalytic activity, also the oxygen concentration in the sample has fo be
considered. Therefore, the thermodynamic behaviour of dissolved oxygen is briefly
treated.
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3.2 Principle of amperometric glucose detection

An amperometric snzyme clectrode is composed of two parts: an electrochemical cell
and a membrane part consisting at least in an enzymatic layer. The latter is deposited
onto the active surface of an appropriate electrochemical transducer, so that the
substrate is made to undergo an enzyme catalyzed reaction that consumes or generates
electroactive species. These electroactive species are monitored by the underlying
electrochemical sensor, and the measured current is directly proportional to the
substrate concentration in the sample. Hence, such a device combines the specificity of
an enzyme catalyzed reaction and the sensitivity of an electrochemical sensar.

3.2.1 Species of D-glucose

Glucose is an optically active substance. 1t is also called dextrose indicating that the
rotation of the plane of polarization is clockwise or dextrorotary. This behavionr is
taken into account by writing this sugar as D-glucose. There exist two isomeres of D-
glucose with different characteristics: a-D-glucose and B-D-glucose. In aqueous
solutions both species are in equilibrium with one another by an open aldehydform.
Fig. 3.1 shows the structures of the two isomeres a-D-glucose and B-D-glucose.

CH,OH ?HZOH
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Fig. 3.1: Structure of ¢ -D-glucose and B-D-glucose
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3.2.2 Specificity af the engymatic reaction

Enzymes are high molecular weight biochemical compounds and consist primarly of
chains of amino acids (fundamental constitoents of proteins) linked together by peptide
bonds. One of the properties of enzyme-mediated catalysis is the specificity with which
the enzyme acts. Over 2000 enzymes have been isolated and characterized, so that they
allow the choice of a specific reaction for species ranging from phosphate and nitrate
ions to macromolecules [1].

Without exception, enzymes are members of a class of compounds called proteins, but
are distingnished from other proteins by the existence of a geometric area in the
structure which facilitates the catalysis. This geometric area, called the active site, can
be described as follows [2):

a)  the active site constitutes a small portion of the overall protein structure;

b)  the active site is a three-dimensional niche in the protein;

¢)  the specificity of the enzyme depends on the arrangement of the atoms in the
active site;

d)  the substrate-enzyme binding process involves a relatively small amount of
energy (3-12 kcal/ mole).

The specificity of an enzymatic reaction is, according a postulated mechanism by E.
Fischer in 1860, the result of a "lock and key" fit of the enzyme and substrate, that is,
stereochemical complementarity.

Some enzymes depend for activity only on their structure, while maay others require
ofie or more nonprotein components, called cofactors. A cofactor may be a metal ion or
an organic molecule called a coenzyme; some enzymes require both, Cofactors are
generally stable 1o heat, whereas most enzyme proteins lose activity on heating. The
catalytically active enzyme-cofactor complex is called the holoenzyme. its protein
portion, which is catalytically inactive by itself, is called an apoenzyme.

Metal ions in cofactors may serve as (a) the primary catalytic center; (b) a bridging
group, {o bind sobstrate and enzyme together throngh formation of a coordination
complex; or (c) an agent stabilizing the conformation of the enzyme protein in its
catalytically active form. Enzymes requiring metal ions are sometimes called
metalloenzymes. In some metalloenzymes the metal component alone already
possesses primitive catalytic activity, which is greatly enhanced by the enzyme protein,
An example of a metalloenzyme is catalase which contains a ferric tetrapyrrole moiety
which catalyzes the decomposition of hydrogen peroxide [2]. Coenzymes, in general,
function by accepting or donating grougs involved in the catalysis and act therefore as
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intermediate carriers of functional groups, of specific atoms, or of electrons that are
transferred in the overall enzymatic reaction. Coenzymes are regenerated as part of the
enzyme mechanism, When the coenzyme is very tightly bound to the enzyme molecule
it is called a prosthetic group. In some cases, however, the coenzyme is only loosely
bound and essentially functions as one of the specific substrates of that enzyme.

Of all enzyme properties, it 15 their high degree of selectivity ar even specificity that
singles them out as unique analytical reagents. Some enzymes are so specific that they
catalyze only a single unique reacdon. More frequently, however, enzymes exhibit a
group specificity, catalyzing a number of reactions invelving a commeon functional
group (¢.£. amino, phosphate or methyl groups); the rate of reaction of each of these
substrates, however, may be different. A third group of enzymes exhibit a wide range
of catalytic activity and are relatively nonspecific with respect to the overall substrate
structure, but are specific for the type of bond cleaved (linkage specificity) [3]. A final
consideration in the uwse of enzymes is the relatively commonly observed
stereospecificity. In the reaction of glucose with oxygen in the presence of glucose
oxidase, for example, only the B-form of the D-glucose isomer is oxidized.

3.23 Working principle

The working principle of 2 glucose amperometric cnzyme electrode is that the glucose
diffuses from the bulk analyte solution through a hydrophilic enzyme membrane where
it is oxidized by a GOD-catalyzed process that involves a cosubstrate (O5) and vields
hydrogen peroxide and gluconolactone as products. The components of interest are the
hydrogen peroxide species, formed in the whole membrane and allowed to diffuse
towards the surface of an electrochemical cell where they are oxidized at a specific
potential, thus preducing a current depending directly on the bulk glucose
concentration.

The enzyme used is GOD {glucose oxidase) which consists of a tightly bound electron
transfer moiety (coenzyme) and a protein, The coenzyme FAD (flavin adenine
dinucleotide), whose structure is presented in Fig.3.2, is a prosthetic group [4]. The
active portion of FAD that takes part in the electron-transfer processes is the
isoalloxazine ring. When glucose comes in contact with GOD the flavin moictics are
reduced by an addition of two hydrogen atoms to the dimethylisoaltoxazine structure.
This transfer of a pair of hydrogen atoms yields a reduced form of FAD symbolized as
FADH, whose isoalloxazine ring is shown in Fig.3.3. The latter is then reoxidized by
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oxygen yielding hydrogen peroxide. The enzyme is then ready for another cycle. The
complete reaction mechanism can be written as follows:

B3-D-glucose + GODY FAD + H,0 —>  gluconolactone + GOD/ FADH,
(3.1
FADH'Z + 02 —> FAD+ HzOz

To summarize this catalytic cycle where the flavin prosthetic group is first reduced by
glucose and then reoxidized by molecular oxygen, we write:

GOD
B-D-glacose + Oy + HyO —>  gluconolactone + HyOp 3.2)

Since the GOD catalyzed reaction involves two species - the substrate glucose and the
cosubstrate O, - it is a bisubstrate reaction.

Fig. 3.2: Structure of the FAD-coenzyme
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Fig. 3.3: Reduced form of the isoalloxazine ring of the flavin adenine dinncleotide
(FADH, ). R indicates the remainder of the coenzyme molecule, and the two
arrows show the position of the hydrogen atoms which are added 1o the
FAD during the oxidation of glucose.

The producis gluconolacione and hydrogen peroxide are formed within the enzymatic
membrane and then diffuse either towards the interface between the membrane and the
¢lectrochemical sensor or out of the membrane into the bulk analyte solution. The
electrochemical sensor used consisis of three electrodes (working, anxiliary and
reference electrode) and the potential of the working electrode (anode) is maintained at
a valpe that allows the oxidation of hydrogen peroxide at the electrode surface. The
potential applied is +700 mV vs. Ag/ AgCl reference electrode so that the following
anodic reaction takes place:

H,0, —> 2H*+0,+2¢ (3.3)

The current generated between the working and counter electredes is directly related to
the glncose concentration in the bnlk analyte solution.

The selectivity of the system depends on both the enzyme and the electrochemical
detection. The relative reaction rate of glucose oxidase on several closely rclated
carbohydrates is presented in table 3.1 and shows that GOD is highly specific for B-D-
glucose {5]. The transducer, on the other hand, is capable of oxidizing other species
such as ascorbic acid, uric acid and amino acids which are common components in
biological fluids. Obviously, these species may interfere with the glucose measurement
if they are allowed to reach the platinum anode. Hence, often a cut-off cellulose acetate
membrane is used to restrict their access to the electrode.
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Table 3.1: Specificity of glucose oxidase.

substrate reaction rate relative
to P-D-glucose
p-D-glucose 100
2-deoxy-D-glucose 25
D-mannose 1
D-xylose 1
o-D-glucose 0.6
trehalose 0.3
maltose 02
D-altrose 02
D-galactose 0.1

An additional outer membrane is often necessary in order to resirict the diffusion of
glucose while allowing relatively free passage of oxygen, thus ensuring that the
enzymatic reaction is glucose limited over a wide range of oxygen concentration.
Furthermore, such an addifonal membrane, e.g. polyurethane, can also prevent the
above mentioned interferences as well as electrode poisoning arising from protein
adsorption {6].

Finally, the working principle of the complete device is visualized in Fig. 3.4. Glucose
and oxygen molecules have to traverse a hydrophobic polyurethane membrane before
they diffuse into the hydrophilic enzyme layer whers they undergo a bisubstrate
reaction. GOD,, means the oxidized and GOD,.4 the reduced form of the enzyme
glucose oxidase. One part of the HyO, diffuses then to the clectrode surface where it is
electrochemically oxidized resnlting in a current that is directly proportional to the
glucose concentration in the balk test soluton.

In the following section the basic enzyme kinetics is described whereas the last part of
this chapter treats the mass transfer effects in hydrophilic enzyme membranes,
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3.3 Enzyme kinetics

The determination of the enzyme concentration is usnally done by measuring its effect
on the rate of an enzymatic reaction. This relationship between the substrate
concentration and the reaction velogity is weated by enzyme kinetics. The enzyme
activity unit most widely used is the enzyme activity U defined as the amount which
causes the transformation of 1jumol of substrate per minute at pH 7 and 25 °C.

Ag a first step we consider the glucose oxidation as an one-substrate reaction which
can be described by the Michaelis-Menten kinetics. This is correct when the reaction
mechanism is not limited by the second involved substrate (O5).

3.3.1 The one-subsirole kinetics

The Michaelis-Menten theory reviewed below wreats the kinetics of an enzymatic
reaction of a non-immobilized enzyme in a solution containing the substrate at the
concentration [S]g. This theory assumes chat the enzyme E first combines with the
substrate S to form an enzyme-substrate complex ES; the latter then breaks downina
second step to form free enzyme and a product P:

k kg
E+S ’k¢ ES T- E+FP, E = freeenzyme (3.4)
2 4

8§ = free substrate

ES = enzyme-substrate complex

These reactions are assumed to be reversible, Briggs and Haldane [7] derived a rate
equation based on the assumption that the concentration change of the enzyme-
substrate complex with time is essentially zero almost immediately after the reaction
begins. Thus, the concentration of the ES-complex achieves immediately the steady
state condition:
B .\, (B1(S] - kg [ES) - ks (ES] = O 3.5)

Since [E}y, the total enzyme congentration, can be written as sum of [E] and [ES) the
break down raie of the ES-complex is given as:

d {i—s] =k, [Elp[S] - (k;{S]+ky+X3) [ES] = 0 (3.6)
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[Elo [S]
so that: [ES] = 30
12;1414- [$]
The rate equation for the formation of product is:
_d[P ky [Elg [S] _ kj [Elp [S]
1
where d—d[‘ﬂ = - d—cgtsl (conservation of mass) 3.9

The constant Ky, which replaces the term (kg + k3)/ ky, is called the Michaelis-Menten
constant. The maximum velocity will be attained when all of the enzyme is in the form
of the ES complex ( [E]y=[ES] ). If we write a mass balance equation for §, we can
see that:

[81g = [S] +{ES] (3.10)

[8]p is the initial substrate concentration at the beginning of the reaction. If (S]y » (Elg.
then the concentration of § can be assumed to be equal to [8]p. Thus, to apply the
Michaelis-Menten kinetics, [S3p should be much greater than [Elg- Eq.(3.8) describes
the reaction rate of the enzymatic reaction. A graphical presentation of this product
formation as a function of the substrate concentration is givenin Fig, 3.5,

2
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Fig. 3.5: Reaction rate v as a function of [$)/Ky at constant enzyme concentration.
Curve B has twice the enzyme concentration of curve A.
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If [8] is low with tespect to Ky, 2 linear relation results, and the rate is first order. It
should be pointed ont that for [S] = 6.1 Ky, the deviation of the reaction rate from first-
order behaviour is 9%. At high substrate concentraticns, the rate is zero order with
respect to the substrate concentration, i.¢., independent of substrate concentration. If
[8] = 10 Ky, the deviation from zero-order conditions is 9%. At very high substrate
concentrations, i.e. under saturation, we obtain from eq.(3.8) the maximum reaction
TAte ¥yt
Voux = K3 [Elg 31D

An important relation results when v = v“"T“ Using eq.(3.8) again, we get:

Yines Vmex (8]

2= Ky + (8] (312
so that Ky =[S} for v= ‘,’5& (3.13)

Thus we see that Ky, the Michaelis-Menten constant, is equal to the substrate
concentration at which the reaciion velocity is half maximal. Ky for a one-substrate
reaction has the dimensions moles per liter and is independent of the enzyme
concentration.
In the derivation above, Ky, is represented by (ka + k3)/k;, but in some enzymatic
reactions kj is very large compared with ks, In this case the rate constant k3 becomes
negligibly small and Ky, simplifies to the expression kp/k;, where Ky is
approximately equal to the dissociaton constant of the enzyme-subsirate complex:

K, = lf—éﬁ[js—] (3.14)
Hence, Ky should not be regarded as the dissociation constant of the ES complex
unless specific information is available thai ky is very small compared with k.
The values of Ky and v, for any given enzyme following the Michaelis-Menten
kinetics can be approximaied graphically from a series of simple experiments in which
the reaction velocity is measured at different substrate concentrations with a fixed
amount of enzyme, Such a calibration curve is usually presented as a graph of v vs.
[8). To evalnate the constants Kyy and v,,, , on the other hand, a linear relation would
be more useful. Equation (3.8) can be written in the form:

1 Ky 1 1
1w 2 1
Yo Vi Vmax G.13)
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A plot of 1/v as a function of 1/[S] will give a straight line with a slope of Kpg/V a0
and an intercept at the 1/v axis of 1/v,,,, , as it is shown in Fig. 3.6. This double
reciprocal graph allows a precise determination of vy, and Kpy.

L ‘r
v
1 K
sio —
pc=vmax
.
vmlx
Pl ]'
g 5

Fig. 3.6: Graph of a Lineweaver-Burke plot

Two other transformations of q.(3.8) are used on occasion. One is obtained by
multiplying eq. (3.15) by v . v,,,, and reshaping the equation, so that

v=-KMI-§T+ Vinax (3.16)

This presentation is called the Eadie-Hofstee plot which is shown in Fig. 3,7, This plot
of v versus v/[S) has a slope of - Ky, and an intercept at the v-axis of vy, The major
advaniage of this method is the more even spacing of the experimental daia, that allows
a better perception of deviations from the lincarity.

v

N

lel

slope=- Ky

<v

Y max
Km
Fig. 3.7: Graph of 2 Eadie-Hofstee plot
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A third presentation of eq. {3.8), proposed by Hanes, is a plot of

[8] 1 K
Ll 5+ =M 3.17
v T Voo (S - (3.17)
This equation is obtained by multiplying eq.{(3.15) by [S]. The appropriate plot of
[3]/v versus [S] has a slape of 1/v,,,, and an intercept at the [S1/v -axis of Kpy/Via
This Michaelis-Mentien reaction scherne describes the simplest case of enzyme reactian,
but its application is rather limited in practice.

3.3.2 The two-substrate kinetics

Many enzymes catalyze reactions with two interacting substrates £q.(3.18) and show
much more complex kinetics than described by the Michaelis-Menten mechanism.

E
A+B == P+Q 3.18)

These bisubstrate reactions may have several enzyme-subsirate complexes, such as
binary complexes EA, EB, EP and EQ, and ternary complexes EAB, EPQ, EAQ and
EPB. The determination of Ky and v,,,, for bisubstrate systems is similar to the
approach used for one-substrate reactions, The concentration of one substrate, say B,
is fixed and the concentration of substrate A is varied to determine its effect on the
reaction rate and thus to give the Michaelis-Menten constant for substrate A, namely
Ki‘,[ . Three or more fixed concentrations of B are usually employed to obtain an

accurate value of K‘;I . Then the experimental arrangement is reversed: the

concentration of substrate A is held constant, and the effect of varying the
concentration of B is determined to yield Kf,'.

Bisubstrate reactions reduce to the single-substrate case when one of the subtrates is
present at a saturating level so that simple Michaelis-Menten kinetics can be applied.
Most bisubstrate reactions can be put into one of two classes [8]: single-displacement
reactions and double-displacement reactions.
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3.3.2.1 Single-displocement reactions

In single-displacement reactions both substrates A and B must be present
simultaneously at the enzyme active site to yield a ternary complex EAB in order to
proceed the reaction. Single-displacement reactions occur in two forms, random and
ordered, which differ in the sequence in which the two substrates bind tc the enzyme.
In ordered single displacements there is a compulsary sequence of reaction, so that one
specific substrate, say A, must be bound first, before the second snbstrate can be
bound:

E+A =—2= EA+B === (EAB ====EPQ}) === EPH) === E+P+Q 3.19)

Many dehydrogenases ntilizing (NAD*) as coenzyme catalyze ordered bisubstrate
reactions.

In random bisubstrate reactions, either substrate may bind to the enzyme first,
indicating that the ternary complex (also called central complex) EAB can be formed
cqually well in two different ways:

EA
A/ B EP+Q
* N\ 7 N (3.20)
E EAB == EFQ E+P+Q '
+ Z/ N\ 7
B A EQ+P
\\\EB '

Random single-displacement reactions are catalyzed by many of the
phosphotransferases.
The values of K‘:., and K]:., are most conveniently obtained from double-reciprocal

plots. The different types of bisubstrate reactions can often be distinguished by the
nature of donble-reciprocal plots of 1/v vs. 1/[S] with the other substrate held constant
at a fixed concentration. Random single displacements usually give a pattern of
intersecting straight lines but are sometimes more complex. Ordered single
displacements, on the other hand, give usnally converging plots.
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3.3.2.2 Double-displacement (ping-pong} reactions

In bisubstrate reactions of the double-displacement type, there is no evidence for the
formation of a iernary complex at all. One of the basic mechanisms involves the release
of a product melecule during the substrate addition sequence before the entry of the
second substrate and the departure of the second produet takes place. In such reactions
the first substrate reacts with the enzyme 1o yield a chemically modified form of the
latter, which is followed by a second step where the enzyme is transferred in its initial
form by the second involved substrate. The reaction scheme of such a double-
displacement wype, also called ping-pong mechanism, is presented in eq. (3.21).

E+A e=FEA = E*P ot E*4P+B e E*B4P == E*"Q == E+(Q (3.21)

Substrate A combines with free enzyme E to yield the complex EA from which product
P departs, leaving the modified enzyme E*. The substrate B then combines with E* to
give the complex E*B, which decomposes to yield product Q and free enzyme E.
Obviously, the GOD catalyzed reaction described in the previous section comresponds
to the ping-pong mechanism.

Double displacements usually yield parallel double-reciprocal plots (Fig.3.8) and
therewith can be distinguished from single displacements by kinetic analysis.

L4 Ky
v slope = —— increasing
Ymax concentration
of B
Ko
intercepts = —— (I + —)
Vmax [B]
—

1
[A]

Fig. 3.8: Double-reciprocal plots of (1/ v) vs. (1/[A]) of a double
displacement reaction for different concentrations of
substrate B.
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The general rate equation for a ping-pong reaction scheme is [8]:

v
V= (3.22)
K Kn
1+ TAT + NIl
KA kB
or in slope-intercept form: % = W:l: ([_AT)"' (1 + .%) (v_,i;) (3.23)

3.3.3 Quantitative assay af enzymatic activity

The amount of an enzyme in a given solution or tissue extract can be assayed
quantitatively in terms of the catalytic effect it produces. For this purpose, it is
necessary 1a know:

1.) the overall stoichiometry of the reaction catalyzed

2.) whether the enzyme requires the addition of cofactors such as metal ions or
cotnzymes

3.) its dependence on substrate and cofactor concentrations
(Kyy for both substrate and cofactor)

4.)  its optimum pH

5.) temperature zone in which it is stable and has high activity

Where possible, enzymes are assayed in test solutions in which the pH is optimum and
the substrate concentration is above the saturating level, so that the reaction rate is zero
order for substrate. Under these conditians, the reaction rate is proportionat to enzyme
concentration alone. When enzymes require cofactors, they must also be added in
concentrations that exceed saturation so that the true rate-limiting factor in the system is
the enzyme concentration,

The two most important parameters affecting enzyme kinetics are briefly treated below,
and as an example the typical pH and temperature behaviour of GOD is presented.
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H aspe: |4

3.3.3.1 Effect of temperature

The rate of most enzymatic reactions approximatively doubles for each 10 °C rise in
temperature. However, this temperature coefficient varies somewhat for one enzyme to
another.

Enzyme-catalyzed reactions often have an optimum temperature. It is a function of a
number of parameters such as pH and enzyme concentration. It is not, however, a
physicochemical property of the enzyme [9]. The activity-temperature curve is the
result of two distinct processes:

a)  the ysual increase in reaction rate with temperature
and

b)  theincreasing rate of thermal denaturation
of the enzyme above a critical terperature,

Most enzymes are inactivated at temperatures above about 55 to 60 °C, some are quite
stable and retain activity at much higher temperature, ¢.g. enzymes of various species

of thermophilic bacteria inhabiting hot springs, which are stll active at temperatures
exceeding 85 °C.

100 +

50 -

relative activity [%)

10 F

| L l 1
10 40 70 100
ternperature [°C]

Fig. 3.9:  Typical thermal stability of GOD
after an incubation of 10 min.

A typical thermal stability curve of GOD (Boehringer) afier an incubation of 10 min is
presented in Fig, 3.9. The measurements are carried out in a 0.1 M phosphate boffer at
PH 7 and at a glucose concentration of 55 mM, Obviously, the GOD activity as
function of the temperature shows a thermal stability below 40°C,
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3.3.3.2 Effect of pH

Most enzymes have a characteristic pH at which their activity is maximal; above or
below this pH the activity declines. The pH-activity relationship of any given enzyme
depends on the acid-base behaviour of the enzyme and substrate. Funher, the shape of
the pH-activity profile usually varies with substrate concentration, since the Ky, of
most enzymes change with pH. At the extremes of pH, the enzyme may undergo an
irreversible denaturation where the activity may not be restored even after readjustment
of the pH to the optimurn value. Of greater interest is the reversible behaviour exhibited
in the general range of the pH optimum. To evaluate such pH-activity curves the
enzyme is usually kept saturated with substrate and cosubstrate at all the pH values
tested.

A typical pH dependence of GOD (Boehringer) is shown in Fig. 3.10. The sample
solution is a 0.1 M phosphate buffer at pH 7 with 55 mM glucose. The pH optimum is
at about pH 6.5. The pH stability of this enzyme after an incubation of 10 min in the
same test solution is presented in Fig. 3.11 and shows that GOD is stable with pH up
to pH 8.
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Fig. 3.10: pH dependence Fig. 3.11: pH stability

It shouid be noted tha: afier immobilization many of the enzyme characteristics (pH
optimum, temperature stability) as well as the kinetic behaviour are modified.
Moreover, immobilized enzymes generally exhibit an enhanced stability against
different mechanisms of inactivation [10].
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3.4 Thermodynamic aspects of dissolved oxygen

The solubility of oxygen int water depends primarly upon three variables: pressure,
temperature, and concentration of dissolved salts.

3.4.1 Pressure dependence
The solubility of a gas, at constant temperature, can be described by Henry's law [11]:

p=kC (3.24)

where p is the partial pressure and C the concentration of gas dissolved in a solution.
Henry's law in this form is valid for many gases, including oxygen, at low partial
pressares {up to 1 atrn or more). According eq.(3.24), the concentration of gas
dissolved in the solution is proportional to the partial pressure of the gas above the
solution. The partial pressure of any gas in a mixtore of gases is that pressure that the
gas would exert if it occupied the entire volume by itself.
A second assumption for Henry's law in this form is that the mole fraction of the
solute becomes proportional to the concentration. For a component i, the mole fraction
x; of this component is defined as the ratio of the number of moles of component i 10
the total number of moles present. Thus, for a solution containing N, moles of solvent
A, Ny moles of solute B, and N¢ moles of solute C, the mole fraction xg of B is given
by:

xp = N,ﬁgﬁ (3.25)

And, of course: Kpa+xp+xe = 1 (3.26)

From eq.(3.25) we see that in a very dilute solution the mole fraction of a solute
becomes proportional to its concentration,

For oxygen at a partial pressure of 760 torr the concentration of gas dissolved in water
is 41.05 mg/Al at 25 *C, which corresponds 1o a mole fraction of oxygen of about
2*10-5. Thus the solution is very diluted and eq.(3.24) holds. Using the above
indicated value for T = 25 "C the constant k in eq.(3.24) can be calculared to be 18.5
torr+l/mg. For dry air which contains 20.95 % of oxygen, thes having an oxygen
partial pressure of 159 torr (if the total pressure is 760 torr), the concentration of
dissolved oxygen at T = 25 "C can be calculated to be 8.6 mg/l.
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3.4.2 Temperature dependence

It is well known that, in general, when the temperature of a gaseous solution is raised
the gas is driven off untl complete degassing occurs at the boiling point of the salvent.
The exact determination of oxygen solubility in water as function of the temperature
has occupied a considerable number of workers for over half a century. A critical
review of the valyes obtained by chemical and physical methods, together with
suggested "improved” values, is given by Montgomery et al.[12). Battino and Clever
[13] presented all the values obtained by eleven groups of workers up until 1965.
These values are not given in the form of solubility in mg/l but as the Bunsen
absorption coefficient, . The value of ¢ is the volume of gas, reduced to 0 °C and
760 torr, which at the given temperature is dissolved in one volume of solvent. The
mean value of ¢ at each remperature is reproduced in table 3.2,

Table 3.2: Variation of oxygen solubility with temperature at a total pressure of 760
torr {units; Bunsen coefficient x 10%).

T [*°C] o 10 20 25 30 35 40 50
meanvalues [ 490 381 310 284 263 246 232 209

The variation of the solubility of a solute with temperature can be derived from
thermodynamics [13]. The resulting relation is:

[a In (“x_F / xg )]P Y4 (3.27)

where Xg is the mole fraction of the gaseous constituent in solugon;

Xg  isthe mole fraction of the gas in the vapor above the solution;

T s the temperature in °C;

R isthe gas constant (8.314 J K-1 mol-1);

AH is the heat of solution in kJ mol-! at a given temperature and pressure;
P is the total pressure above the solution.

This equation strictly holds only for solutions which bebave ideally (i.c. where all
molecular interactions are the same), but it is a good approximation to the observed
behavior for many dilute solutions,
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In the special case where the partial pressure of the gas, and hence its mole fraction in
the vapor phase, X3, remains constant, eq.{3.27) becomes:

[Q—Q‘T—"L]P‘pg - A5 (3.28)

where p; denotes a constant partiat pressure of the gas. This condition is approximated
at a total constant pressure if the vapor pressure of the solvent is negligible in
comparison with the gas pressure at all temperatures. Effectively this means that the
solvent must be fairty nonvolatile.

The data in table 3.2 can be described by £q.(3.28). For this purpose the variation of
the heat of solution, AH, with temperature is expressed in the form of a power series;

AH=A"+B T+CT2+.. (3.29)
As a first approximation all terms beyond the linear one are neglected:
AH = A'+B'T (3.30)

The substitution of AH in eq.(3.28), together with o for Xy, and iniegration gives an
equation of the form:
Inia = 24BInT+C (331

where A, B, and C are constants. For oxygen dissolved in water we find by fitting
eq.(3.31) to the mean values of ot in table 3.2 that:

A=855x103, B=238x10, C=-1.61x 102 (3.32)

It shonld be noted that the integration of eq.{3.28) with o instead of xg is under the
condition of constant partial pressure, which by definition is 760 torr. Also, since o is
defined without reference to the total pressure this can be chosen to be constant, so that
£q.(3.31) is a thermodynarnically accurate way of representing the variation of ¢ with
the temperature. We could express In xg in the same form as eq.(3.31) but this would
never be sirictly thermodynamically correct since pg does not stay constant.

A second form of equadon to describe the variation of o with temperature is obtained
by fitting a general power series to the mean values in 1able 3.2.:

1P a=a+bT+cT2+dT2+e T4 +... (333
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where T is the temperature in °C. The coefficients of this power series for oxygen
solubility as & fonction of temperature are:

a=49, b=-1335 c=2759x 1072, (3.34)
d=-3235x 104 e=1614x 105

Values calculated from egs.(3.31) and (3.33) for the same temperature agree to within
+ 0.5 %.

The Bunsen absorption coefficient, while being useful to allow all measurements to be
referred to common conditions, is not a very practical measunre. Values of o have
therefore to be converted to mg/l. If it is assumed that oxygen behaves as an ideal gas,
then, under the condition of Q °C and 760 torr, one mole of oxygen (32 g) occupies
22.414 liters. Thus the solubility, 8}, in g/cm®, comesponding to the volume
represented by o is:

2a
= -3
S = 22414 x 107 gom (3.33)

This is for a partial pressure of oxygen of 760 torr. If, however, the total pressure is
760 torr then there will be a contribution to this pressure from the vapor pressore of
the water.

From eq.(3.24) we see that the solubility, S,, corrected for this contribution of the
water vapor pressure, p;, to the total pressure is:

x'I()O-p,_ 2a x760-p]

Sz = 81 Xy = 35314x 707 X 760 £ (3.36)

Finally, this oxygen solubility is for oxygen saturated water since there is no other gas
contributing to the total pressure. Often the oxygen solubility, S, in air saturated water
is required. Dry air consists of 20.95 % oxygen and so:

_ 2095 32 760-p, 2095 .
$2* 00 = 33314 % 105 X 760 X 10 8°m

w
L

(3.37)

I}

3.936 x 107 o (760 - p;) g cm3

At 25°C, a=28.43 x 103 and p; = 23.76 torr, we get:
S5=824x10%gcm3 =824 mg/l
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3.4.3 Combined dependence an temperature and pressure

The oxygen solubility ar any other barometric pressure than the above used 760 torr
value can be obtained by using the dependence of the solubility on the oxygen partial
pressure. If the solubility is § at a barometric pressure of 760 tor, i.e, a partial dry air
pressure of (760 - py) torr, then the solubility §', at any other total pressure, Pr,ie. &
partial pressure of dry air of (Pr - py) torr, 15 given by:

§ = § TPl pan (338

760 - py
The variadon of waier vapor pressure with temperature is represented over a short
temperature range by [15]:

Inp; = - % + constant (3.39)

where AH, is the heat of vaporization, R is the gas constant, and T is the
thermoedynamic temperature. The constant contains the reference temperature and
pressure. Once these have been fixed and knowing AH, , the vapor pressure at any
temperature can be determined. Table 3.3 gives values of water vapor pressure at
various temperatures[16]:

Table 3.3: Variation of water vapor pressure with temperature.

T [°C) 0 10 20 25 30 37 40 50
p, [tor] 4.6 9.2 175 238 318 471 553 925

Combining eqs.(3.37) and (3.38) gives a more general expression for oxygen
solubility in terms of the Bunsen absorption coefficient and total pressure:

§' = 3936 x 104 & (Pr- p1) mg/l (3.40)

1t has to be pointed out that a change of about 10 torr in the barometric pressure leads
to a variation of 0.1 mg/1 in the dissolved oxygen concentration. This shows the need
of careful measurement of ambient atmospheric conditions.

57



Chapter 3 Theoretical sspects of the glicose electrode

3.4.4 Dependence on salt concentrotion

The solubility of oxygen in water as a function of temperature and salt concentration
shows at any fixed salt concentration the expected decrease of solubility as the
temperature increases. But in addition there is a decrease in the oxygen solubility, at a
constant temperature, with increased salt concentration. This phenomenon is known as
the salting-out effect.

Let § and S, represent the solubility of the gas in pure water and in the electrolyte
solurion, respectively. It can be verified on a theoretical basis [14] that In (S/S,) varies
approximately in a linear fashion with the ionic strength of the clectrolyte, that is:

S
In =k 341
T k, (3.41)
where Kk, is known as salting coefficient. The ionic strength is given by:

1=05 )¢z (3.42)
i

where C; is the concentration of ion i, z; is its charge and the summation is taken over
all ions, both positive and negative, in solution. So, for example, a 1M solution of
Fe,(S0,)3 has an ionic strength given by 1=0.5{2 (32 +3 (2)]] = 15,

According to section 5.3, the solution usuaily applied for sensor testing is composed
of 115 mM NaCl, 2.5 mM KCl, 5 mM K;HPO, and 0.5 KH;PO,. The ionic strength
of this Krebs physiological solution expressed in units of g/l can be calculated to be:

Tgrens = 0.5 [6.72 (1+1) + 0.186 (1+1) + 0.B71 (2+1+9) + 0,068 (]+2+9)] gh
=12.54 gfl (3.43)

The value of the constant k, depends on the electrolytic species added and also varies
with the nature of the nonelectrolytic ones. In aqueous solutions k, is positive in most
cases. Thus, § > 8, , i.c. the solubility of a nonelectrolyte is lower in a salt solution
than in pure water.

When an electrolyte is uni-univalent (¢.g. NaCl), then the ionic strength and molariry
(g / liter of solution) are identical, and we obtain:

Ins's: =k, C, (3.44)

where C, is the electrolyte concentration, For solutions containing a mixture of
clectrolytes, even when they are univalent, the concentration C, in eq.(3.44) has to be
replaced by the ionic strength,
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For the derivation of equation (3.41) any interaction of the nonelectrolyte gas with
itself isignored. This is justified for oxygen at the low solubilities we are considering,
For gases of high solubility an additional term has to be introduced into eq.(3.41) 10
take account of such interactions [13].

3.4.5 Dependence an temperature, pressure and salt concentration
Fox [17] proposed an extension of €q.(3.33) of the form:
1000=a+bT+¢cT2+dT+eT¢-I(p+qT+rT2+sT3+tTH (3.45)

The coefficients a to ¢ are those of eg.(3.34) and p to t are new constants. These latter
constants are obtained by fitting the power series to experimental data. The values are
1y

p=05516, g=- 1.759 x 10~2, r=2.253 x 10-%,
§=-2.654x 107, t=5362x 108 {3.46)

To obtain an oxygen solubility from the absorption coefficient the same procedure as
described previously is used.

Oxygen solubilities for different temperatures, pressures and salt concentrations have
been caleulated and tables are presented in appendix A.
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3.5 Conclusions

In this chapter the amperometric glucose detection principle has been detailed. It is
based on the enzymatic oxidation of glucose followed by the electrochemical oxidation
of hydrogen peroxide. Hence, the amperometric enzyme electrode is composed of an
electrochemical cell and a membrane part consisting at least in an enzymatic layer, The
selectivity of such a system depends on both the enzymatic reaction and the
electrochemical detection. As shown, the glucose oxidase catalyzes highly specifically
reactions of the PB-D-glucose isomer. The second element of the sensor, the
electrochemical mransducer, is capable of oxidizing other species than glucose. To
restrict their influence sometimes an inferior cut-off cellulose acetate membrane is
applied. An additional outer polyurethane membrane is often necessary in order to
restrict the diffusion of glucose while allowing relatively free passage of oxygen, thus
ensuring that the enzymatic reaction is glucose limited over a wide range of oxygen
concentration. Furthermore, such an outer membrane can also prevent interferences as
well as electrode poisoning arising from prozein adsorption.

For a better understanding of the amperometric enzyme electrode characteristics, the
one- and two-substrate enzyme kinetics have been described. Since GOD follows the
two-substrate kinetics, also the cosubstrate concentration of the sample solution has to
be considered for the interpretation of the sensor response. Therefore, the
thermodynamic behaviour of dissolved oxygen has been treated in detail and tables are
presented in appendix A.

The enzyme kinetics discussed in this chapter is valable for free enzymes in solution.
When the enzyme is immobilized, its kinetics is changed. This is subject of the next
chapter.

60



Chapter 3 Thearetical aspects of the glucose electrode

3.6 References

[1] T.E. Barman, Enzyme Handbook, Vol. 1-2, Suppl.]l, Springer Verlag, New
York, 1974,

[2] P.W. Carr and L.D. Bowers, Immobilized Enzymes in Analytical and
Clinical Chemistry, in P.J. Elving, 1.D. Winefordner and ILM. Kolthoff
(eds.), Chemical Analysis, Vol, 56,John Wiley & Sons, New York, 1980,
Ch. 1.

31 H.A. Mottola, Enzymes as Analytical Reagents: Substrate Determinations
with soluble and with immobilized enzyme preparations, Analyst, 112 (1987)
719-727.

4] AP.F. Turner, I. Karube and G.§, Wilson, Biosensors: Fundamentals and
Applications, Oxford University Press, New York, 1987, Ch. 15.

5] P.W. Carr and L.D. Bowers, lmmobilized Enzymes in Analytical and
Clinical Chemisty, in P.J. Elving, I.D. Winefordner and 1.M. Kolthoff
(eds.), Chemical Analysis, Vol. 56, John Wiley & Sons, New York, 1980,
Ch. 3, p. 62.

]| G. Sinampalam and G.§. Wilson, Anal. Chem., 55 (1983) 1608.

[7} G.E. Briggs and J.B.S. Haldane, Biochem. J., 19 (1925) 338.

[8} A L. Lehninger, Biochemistry, Worth Publishers, INC,,1975, Ch. 8,

[9 P.W, Carr and L.D. Bowers, lmmobilized Enzymes in Analytical and

Clinical Chemistry, in P.J. Elving, J.D. Winefordner and L.M. Kolthoff
gads.). Chemical Analysis, Vol. 56, John Wiley & Sons, New York, 1980,
h. 2.

[10] AM. Kiibanov, Enzyme stabilization by immobilization, Analytical
Chemistry, 93 (1979) 1.

[m M.L. Ritchman, Measurement of dissolved oxygen, John Wiley & Sons, Inc.
and Orbisphere Laboratories, Div. of Orbisphere Corporation, Geneva,
Switzerland, 1978, Ch.1.

[12] H.A.C. Momgomery, N.S. Thom and A. Cockburn, Determination of
dissolved oxygen by the Winkler method and the solubility of oxygen in pure
water and sea water, J. Appl. Chem., 14 (1964) 280.

[13] R, Battino and H.L. Clever, The solubility of gases in liquids, Chem. Revs.,
66 (1966) 395.

[14] K.S. Pitzer and L. Brewer, Thermodynamics, McGraw-Hill, New York,
1961.

[15] §. Glasstone, Thermodynamics for Chemists, D. Van Nostrand Company,
New Jersey, 1947, p.228.

61



Chepter 3 Theoretical aspects of the glucose clectrode

[16]  Handbook of Chemistry and Physics, 51 ed., The Chemical Rubber Co.,
Cleveland, 1970, p. D143,

[171  CJ.J. Fox, On the coefficients of absorption of nitrogen and oxygen in

distilled water and sea water and of atmospheric carben dioxide in sea water,
Trans. Farad. Soc., 5 (1909) 68,

62



Chapter 4 Immobilized enzymes

v

Immobilized enzymes

4.0 Summary

4.1 Inroduction

4.2 Methods of enzyme immobilization

4.3 Effects of immobilization on enzyme kinetics
4.4  External and internal diffusion

4.5 Conclusions

4.6 References

4.0 Summary

A large number of immobilization procedures allows in principle the fixation of any
biologically active macromolecule, e.g. enzymes. Most of them result in an improved
enzyme stability. Unfortunately, this advantage is often coupled with an important loss
of enzyme activity. Presently, there is no way to predict the results that will be
obtained with a particular technique. Hence, the immobilization of an enzyme aimed at
a specific application still requires an empirical trial and error approach.

The properties of these immobilized enzymes are quite variable and depend on the
immobilization method employed. Thus, also the kinetic properties usually are
changed. This modified enzyme behavior can be explained by different effects
resulting in the distinction between the intrinsic, inherent and effective reaction rates,
allowing thas a theoretical weatmnent of immobilized enzyme kinetics.
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4.1 Introduction

Enzymes and other biological agents immobilized on or within solid insoluble matrices
are used as highly specific reagents, which often possess improved characteristics. As
described in the previous chapters, immobilized enzymes in conjunction with a detector
have led to the development of highly specific electrode systems.

The immobilization of an enzyme presents several advantages such as, frequently, an
increase in the stability of the enzyme. Thus, on the contrary to an enzyme in solution,
an immobilized enzyme matix, prepared with the same amount of enzyme, can be
used repetitively to perform a multitude of analyses. In addition, longer predictable
half-lifes of those enzyme preparations allow the immobilized enzymes to become part
of the analytical instrumentation. '

In any enzyme immobilization, two of the major considerations are the maintenance of
enzyme activity and the stability of the final preparation. Several types of stability can
be distinguished: thermal, storage, and operatonal. In many cases, the thermal stability
of an enzyme is increased efter the immobilization, so that the enzyme-support
conjugate withstands higher temperature before denaturation occurs. Storage stability
is the ability of the preparation to retain its activity under some specified storage
conditions and gives some idea of the shelf life of this reagent. The most important
stability parameter is the operational one. The operational stability of the preparation is
not only a function of the enzyme, but also a function of the carrier durability, inhibitor
concentrations in the analyte solution (in particular irreversible inhibitors), deactivation
of the enzyme by their products, ¢ic, An example where the product is harmful to the
enzyme activity is glucose oxidase. Its reaction product, H,O4, has been found 1o
deactivate the enzyme [1],

The activity of an immobilized enzyme is calculated as the ratio of the determined
activity of an amount of insolubilized enzyme (in Uf mg) to the same amount of initial
active solution, It takes into account both the chernical yield of the immobilization and
the specific activity of the immobilized enzyme.

The effects of enzyme immobilization, resulting most often in a loss of enzyme
activity, are discussed in the next section where the major immobilization methods are
briefly reviewed. A rather complete listing of enzymes which have been immobilized
can be found in Zaborsky's book [2). Further considerations are the kinetic properties
of insolubilized enzymes which, generally, are changed compared with free enzymes
in aqueous solutions. The underlying effects leading to this medified kinetic behaviour
are treated in detail in secton 4.3.
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4.2 Methods of enzyme immobilization

This section treats the chemical and physical aspects of enzyme immobilization, i.e.,
the description of the most commonly methods used.

A first basic classification can be made by the distinction of physical and chemical
methods. Physical methods include any methods which do not involve the formation
of covalent bonds. Chemical methods involve the formation of af least one covalent
bond between the enzyme and a functionalized insoluble carrier, or between two
protein roolecules. The main difference between the two types of methods is the
firmness of the enzyme-matrix conjugate.

A more common ¢lassification of the methods available for the immobilization of
enzymes and other biologically active proteins is:

1.) Physical adsorption at a solid surface

2.) Entapment, by occlusion within cross-linked gels or by encapsulation
within microcapsules, hollow fibers, liposomes, and fibers

3.) Cross-linking by bi- or multifunctional reagents, often in comWination
with adsorption or entrapment within a structure of defined geometry

4.} Covalent binding to a reactive insoluble suppor, via functional groups
nonessential for the biological activity of the protein.

A schematic visualization of this classification is given in figure 4.1. Because of the
large field of applications of immobilized enzymes, only the basic considerations are
reated in this section. Specific examples and detailed immabilization procedures can be
found in the litterature [3].
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Fig. 4.1: Methods of enzyme immobilizadon

4.2.1 Adsorption

Historically the earliest method of protein immobilization - adsorption - is also the
casicst way of preparing solid-supported enzyme conjugates [3]. Adsorption of an
enzyme can be achieved by simply bringing an enzyme solution in ¢ontact with the
adsorbent surface for some dme after which the excess enzyme is washed off,
Substances such as alumina, charcoal, clay, cellulose, kaolinite, collodion, silica gel,
glass, hydroxyapatite, collagen, and controlled-porosity glasses and ceramics are
known 10 adsorb enzymes [4, 5). Further adsorbent substances are anion and cation
exchange resins and & variety of phenolic resins.

Binding forces between protein and support are due to hydrogen bonds, ionic bonds ,
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Van der Waal's forces, and the formation of electron transition complexes.
Unfortnnately these binding forces, except the last named, are in most cases relatively
weak and, consequently, are susceptible 10 change in pH, temperature and ionic
strength.

The advantages in using adsorption to fix an enzyme 1o a carrier arise from its
simplicity, the wide variety of adsorbents which can be used, and the rensability of the
adsorbent. The simplicity, compared with other immobilization methods, resnlts from
the fact that usually no reagents and only a minimum of activation steps are required.
The nature of the interactions is such that a high level of activity is retained by the
preparation.

The major difficulties in using adsorbed enzymes are the empirical process required in
optimizing the system and the reversibility of the adsorption process, The “leakage” of
the enzyme due to the reversible binding may be a serions problem but can be solved
by cross linking the adsorbed proteins with bifunctional reagents, such as
bisdiazobenzidine-2,2"-disulfonic acid or glutaraldehyde.

In a number of cases adsorption of reaction products or enzyme inhibitors has been
found resnlting in partial or total inactivation of the enzyme. It should be noted that
structusal similarity between carrier and enzyme generally improve the adsorption.
Moreover, enzymes adsorbed on specific “affinity supports® have been reparted to
retain their catalytic activity (6).

The optimal values of pH, temperature, and ionic strength to use with a given support
and enzyme systemt must be empirically determined to achieve good activity and
stability. It has been found that in many cases, maximal adsorption occurs near the
isoe¢lectric point of the protein,

4.2.2 Entrapment

All entrapment methods are based on the occlusion of an enzyme within a constraining
structure tight enough to prevent the diffnsion of the protein into the surrounding
medium, while stil allowing penetration of substrate.

If & polymeric gel is prepared in a solution containing an enzyme, the enzyme becomes
trapped within the forming gel matrix. The obvious advantage of such methods is their
generality, since the enzyme molecnle itself does not participate directly in the
formation of the water-insoluble constraining structure and, thus, is trapped within a
three dimensional lattice. The generality of the occlusion techniques is limited by the
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fact that they are suitable mainly for enzymes that utilize substrates of molecular
weights low enough to diffuse trough the matrix.

The most popular matrices for entrapment techniqne include polyacrylamide, silicone
rubber, palyvinyl alcohol, starch, and silica gel. By far the most widely nsed
entrapment technique is the occlusion of an enzyme within cross-linked pelyacrylamide
gels. The method is based on the polymerization of acrylamide in the presence of
varying amonnis of NN'-methylene bis(acrylamide) as cross-linker, in an aqueous
medium containing the dissolved enzyme. The pore size of the gel and its mechanical
properties are determined by the total and relative concentrations of acrylamide and
N,N'-methylene bis(acrylamide). The resulting polymeric gel can be mechanically
dispersed into particles of defined size and stored in suspension or in the form of
lyophilized powders [7-9). The acrylamide-gel entrapment technique suffers from one
intrinsic drawback: the continuous loss of enzyme. It is particularly prononnced with
proteins of relatively low molecular weight. This leakage has been attributed to local
variations in permeability, arising from the broad distribution of pore sizes encountered
in cross-linked gels of the polyacrylamide type. This serious practical disadvantage can
be only partially overcome by optimizing the composition of the gel, i.e., concentration
and degree of crosslinking.

An other approach of enzyme entrapment is the inclusion of whole droplets of enzyme
solution within semipermeable nylon microcapsules [10, 11]. Microencapsnlation is
usually achieved by dispersing an agueous enzyme solution containing 1,6-
diaminohexane (hexamethylenediamine) into a solution of hexanedioic acid dichloride
(adipoyl chloride) in an organic solveat immiscible with water (e.2. chloroform,
carbon tetrachloride, toluene). The diamine and acid dichloride polymerize npon
contact at the water-organic solvent interface, forming a thin polyamide (nylon-6,6)
membrane around aqueous droplets of enzyme solution. The stability of
microencapsulated enzymes has been found to be similar in most cases to that of the
corresponding free enzymes in solution. Enhancement of stability could be obtained in
several cases by encapsulating enzymes in the presence of an inert protein, followed by
cross-linking with glutaraldehyde,

Enzymes immobilized by entrapment techniques exhibit large diffnsional barriers to the
ransport of substrate and product leading to diffnsion-limited kinetics, particnlarly
with high molecular weight substrates. Hence, the occlusion methods are best suited
for enzyme systems that work on low-molecular-weight substrates.
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4.2.3 Crass-linking by bi- or multifunctional reagents

Enzyme immobilization can be obtained by chemical aggregation with bifunctional or
multifunctional reagems. When acting on a homogensous solution of proteins,
bifunctional reagents can either react with identical functional groups of the same
molecule, resuliing in an intramolecular cross-link, or with those in different
molecules, resulting in a cross-linked aggregate of molecnles. The control of such
reactions is rather difficult in terms of aggrepate size and mechanical properties [2].
Additionally, bi- or multifunctional reagents can bind the enzyme to solid suppons: cne
of the molecule's functional groups forms a covalent link with the support; the other
functional group can then be used 1o bind the enzyme [12].

Of the considerable number of cross-linking agents described in the literature [3], only
two have found widespread use for enzyme immobilization: bisdiazobenzidine-2,2'-
disulfonic acid and glutaraldehbyde. The latter (see Fig.4.2) is by far the most
commonly used cross-linking agent and has been employed for the fixation of
histochemical preparations, for cross-linking enzymes adsorbed on solid supports, for
co-cross-linking enzymes with an inert protein in the presence or in the absence of a
solid support or filler and for the cross-linking of enzymes enclosed in microcapsules
as well as for the chemical modification of materials such as aminoethyl cellulose,
partially hydrelyzed nylon and other polymeric sepports containing primary aming
groups.

Fig. 4.2: Sructure of the bifunctional reagent glutaraldehyde.

The insolubilization of enzymes through the coupling reaction with bifunctional
reagents is dependent on the concentration of the protein and reagent, the pH and ionic
strength of the selution, the temperature, and the time of reaction. It should be pointed
out, that the reaction of multifunctional reagents with an enzyme must not necessarily
result in the formation of only intra- or intermolecular cross-links. It may involve only
one part of the functional group of the reagent; the other part of the molecule can be left
unmodified or may be ransformed into a nonreactive group through the acticn of
solvent molecules. Thus, depending on the conditions used, the reaction can result in
modified but still water-soluble monomers, ¢imers, trimers, or oligomers, or in water-
insoluble polymers. This behavior is schematically represented in Fig.4.3.
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The application of a bi- or multifunctional reagent, such ag glutaraldehyde, to solutions
of low proteic concentrations give rise initially 10 water-soluble oligomers. When
applied to more coneentrated solutions, aggregation rapidly pgives rise to high
molecular weight, waser-insoluble polymers [13], The nature of the protein also has an
influence on its insolubilization. The linkages formed between proteins and
glutaraldehyde are irreversible and survive extremes of pH and temperature.

In order to insolubilize low concentrations of an enzyme, it is often necessary to
increase the overall protein concentration by adding an inert carrier-protein, such as
bovine serum albumin, 10 the enzyme solution. When plataraldehyde is added, cross-
linking berween the enzyme and the inent protein is observed. If the eoncentration of
the auxiliary proiein is high enough, it can be considered as the insoluble supporting
matrix of the enzyme. When the bovine serum albumin is employed a1 concentrations
higher than 50 mg/ ml, it is easily insclubilized at any pH between 5 and 7.

Direct aggregation by glutaraldehyde (without a carrier-protein) often results in poor
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activity yield. The reasons for such an important loss of activity are:

8) excess of cross-linking agent which acts on amino groups located ar (or
close to) the active site;

b) the productian of compact pseudocrystalline structures that mmleiply steric
kindrances,

¢) excess cross-links, which hinder the conformational adaption of the enzyme
ta the substrate and result in an inactivation of the enzyme.

Insolutkilization of enzymes by aggregation with an inert protein (co-cross-linking)
permits sufficiently high protein concentrations for immobilization, while reducing the
above-mentioned constraints. Fig.4.4. gives a schematic representation of co-cross-
linking enzymes with albumin using glutaraldehyde as bifunctional reagent.

Fig. 44: Schematic represertation of co-cross-linking enzymes with
albumin using glutaraldeghyde as bifunctional reagent.

The optimal ratio of glutaraldehyde to protein concentration is usually in the range of
10% (w/w) [13]. With low concentrations of glutaraldehyde (0.25%), no
insalubilization occurs gven with concentrated protein salutions, With increasing
glutaraldehyde concentrations, the enzyme is pardy insolubilized. The rato of
immobilized activity to total activity increases with increasing glutaraldehyde
concentrations, up to a maximum. In the concentration rangs of 0.3 to 1%, activity of
the insoluble phase remains nearly constant. With higher glutaraldehyde
concentrations, more rapid insolubilization and tighter material are obtained. When the
concentration of the cross-linking agent increases above this optimum range, the
activity of the immobilized enzyme decreases. Two factors cooperate in a negative
way: the increase of diffusional resistances and the denaturation of the enzyme duc to
the multiplication of cross-links. The optimum range, usually, varies with different
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enzymes and operating conditions. Thus, the determination of the optimal conditions
for retention of activity is a trial and error procedure. In general however, most
immobilization procedures using bi- or multifunclional reagents cause an important
loss of enzyme activity ; often residual activity of immobilized enzymes relative to free
forms of only 10% or less have be obtained.

4.2.4 Covalent bonding

Covalent bonds should be formed between nonessential amino acid residues of the
enzyme and reactive groups attached to the surface of a solid carrier. Unfortunately,
the comnpositional and structural complexity of proteins has not allowed, except in a
very limited number of cases, the application of general rules by means of which the
method best suited for a specific task could be predicted. There are several methods of
preparing covalent conjugates, but the most popular techniques involve the reaction of
an aqueous solution of enzyme with an activated, functionalized water-insoluble
support or the copolymerization of an enzyme with a reactive monomer,

Covalent bonding reactions should exhibit, under ideal conditions, relatively high
specificity toward one type of functional groups on the protein and minimal side
reactions with other functional groups or with the aqueous medium [14-16]. Use is
made of nucleophilic functdonal groups present in amino acid side chains of proteins
for coupling. These are as diverse as amino, carboxylic acid, hydroxyl, phenolic,
imidazole, and thiol groups. Coupling preferably takes place at low iemperature and
low ionic strength. Often coupling is done in the presence of the enzyme substrate to
Pprotect its active site.

The choice of an appropriate coupling procedure for the immobilization of a given
enzyme depends on the amino acid compaosition, the amino acids involved in the active
site, the effects of specific chemical modifications on activity, the protection of the
active site region by specific chemical agents or inhibitors, as well as the three-
dimensional structure of the enzyme [5]. The most common covalenr coupling
reactions involve amino groups, carboxyls, or the aromatic rings of tyrosine and
histidine [3]. The use of sulfthydryl groups is increasing in popularity due to the ease
with which the coupling can be reversed [4].

There are essentially three steps in an immobilization scheme: activation of the support,
enzyme coupling, and removal of loosly bound enzyme. The activation of the support
is an important aspect of the process. Thus, the degree of activation has a significant
effect on the recovery of enzyme activity. In addition, it is in general easier to control
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the covalent bonding by varying the concentration of the activation reagent than by
manipulating reagents during the coupling step.

Covalent bonding has the great advantage that, during use, the release of enzyme from
the optimum support matrix chosen (e.g. for porosity, non-biodegradability, etc.) is
improbable. A further advantage of this method is that often an increase in enzyme
stability results.

A further parameter of enzyme immobilization by covalent bonding is the determination
of the support material which plays a significant role since its interaction with the
enzyme may have an influence on stability and kinetics. Carriers are chosen by their
capacity to bind proteins, their properties of solubility, functional gronps, mechanical
and chemical stability, surface area, swelling, the ease of activation, and hydrophobic
ar hydrophilic nature. Essentially, three types of carriers are employed: inorganics
(e.g., porous silica glass, alnmina, and metal oxides}, natural polymers (e.g.,
cellulose, agarose, sepharose, and dextran}, and synthetic polymers (e.g., nylon,
polystyrene, polyacrylamide, and silicon rubber). More complete lists of support
media can be found in the litterature [4].

The capacity of the carrier to bind protein is an important parameter since relatively
high activity per unit volume of support is advantageous for the linearity and the limit
of detection of methods using immobilized enzymes. The binding capacity is a function
of the number of binding sites which can be activated.

On a trial-and-error basis it has been established that with most supports rich in
hydrophobic groups (e.g., aromatic residues) preparations of low protein content and
low enzymatic activity are obtained; moreover, such preparations often exhibit low
stability presumably due to denaturation effects analogous to those caused by organic
solvents. Supports rich in hydrophilic groups bind on the average considerably larger
amounts of protein; in such preparations the bound enzyme retains a higher proportion
of its activity and usually exhibits higher stability.

Several of the common support materials, €.g., cross-linked polyacrylamide, cross-
linked dextrans, or cross-linked copolymers of maleic, acrylic, and methacrylic acids
are hydrophilic and thus possess desirable characteristics in terms of the improved
stability they might confer on the beund protein. Their mechanical strength, however,
is rather poor. Removal of solvent by drying or by exposure to high pressures results
in the collapse of the swollen three-dimensional networks and to changes in porosity.
Rigid dense particles, e.g., gnartz, glass, nylon, or microcrystalline cellnlose, wonld
not suffer from such drawbacks; their protein-tinding capacity, on the other hand, will
be low owing to the relatively small surface area. Rigid, preformed macroporous
matrices, €.g., porous "silica-rich" alkali-borosilicate glasses do not collapse or
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change in porosity under normal conditions. Their protein-binding capacity and
permeability to substrate would be lower as compared to those of highly swollen gels,
but considerably higher relative to rigid, dense particles.

The emergence of an "ideal” support of universal applicability cannot, however, be
anticipated due to the compositional and structural diversity of proteins. Hence the
immobilization of an enzyme aimed at a specific application still requires an empirical,
essentially trial and error approach, becanse the available information is inadequate due
to the widely variable conditions under which immobilized enzyme preparations have
been tested and characterized [3].
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4.3 Effects of immobilization on enzyme kinetics

When an enzymatic teaction takes place in a well stirred homogencous solution, the
concentration of all species is uniform throughont the system. With bound enzymes,
however, the enzyme activity can be influenced by changes of the three-dimensional
enzyme structure, by different concentrations of species between the immediate vicinity
of the bond enzyme and those in the bulk sclution, and by different kinetic properties
due to diffusion resistances. Therby, the solution in contact with the solid phase
constitutes the macroenvironment, whereas the enzyme molecule and its immediate
vicinity is known as microenvironment.

In the following discnssion, we assume that the enzyme is uniformly distribated on a
surface of in a porous medium. Under such conditions, the changes in the enzymatic
behavior due to immobilization can be classified as follows:

i.) Conformational and steric effects

2.) Microenvironmental effects:
a) Partitioning effects
b) Intrinsic catalytic effects

3.) Mass-transfer effects

A clear separation of these factors is usually very difficult in practice becanse, in most
cases, the structure of the enzyme, the way of attachment, and the matrix properties are
not known sufficiently well. Nevertheless, the distinction between these different
effects is necessary for a theoretical treatment of enzyme kinetics and can be very
useful in the design of enzyme electrodes and the interpretation of sensor responses.

4.3.1 Conformotional and steric effecis

Conformational and steric effects are changes in the enzyme or in its immediate vicinity
that arise directly from the attachment of the enzyme molecnle to the carrier. These can
manifest themselves in conformational changes in the protein structure and/ or in
restrictions on the accessibility of the active sites (steric hindrances) [3], These two
effects are illustrated schematically in Fig.4.5.
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The properties of the active sites of an enzyme molecule depend strongly on the three-
dimensional structure of the protein molecule. Thus, when an enzyme is adsorbed or
covalently bound to a solid support, this interaction likely results in a modification of
the enzyme conformation (e.g., covalent bonds can stretch the whole molecule). Steric
hindrances, on the other hand, are caused by the shielding effect of the matrix, which
renders certain parts of the enzyme molecule less accessible to the substrate or

cosubstrate.
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Fig. 4.5: Schematic illustration of conformational changes and
steric hindrances.

Conformational changes and matrix interactions can modify not only the catalytic
activity, but also the selectivity and stability of the bound enzyme with respect o the
free enzyme in solution. In many cases the stability of the enzyme is increased by
immobilization [2] because of the stabilization of the protein structure, the prevention
of autolysis, or simply because the immobilized enzyme is less accessible to denaturing
agents and microbial attack.

4.3.2 Microenvironmental effects

Partitioning effects may arise from electrostatic or hydrophobic interactions (solubility)
between the matrix and lew-molecular-weight species present in the medium, leading
to an uncqual distribution of these species between the micro- and macroenvironment,
i.c., to different concentrations of subswrate, cosubstrate, product, hydrogen and
hydroxyl ions, ete., in the domain of the immobilized enzyme.
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Partitioning of the various species between the bulk of solution and the enzyme matrix
can be described using a partition coefficient K; which is defined by:

[l
K= <, (4.1
where K, is the partition or selubility coefficient for species C; between
bulk solution and matrix;

[G],, 15 the concentration (solubility} of species i within the matrix;

[Cil, is the bulk concentration (solubility) of species i (i.e.,
concentration of species i in the fluid surrounding the matrix).

Figure 4.6 illustrates possible concentration profiles for the substrate, cosubstrate and
product for the case of partition without diffusional resistances. The partition of the
species between the matrix and the liquid phase due to electrostatic, hydrophilic, or
hydrophobic interactions results in a steep concentration change at the interface.
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Fig. 4.6: Schematic illustration of the concentration profiles of the
substrate S, cosubstrate C, and the product P in the enzyme
matrix and in the surrounding solution in the presence of partition
effects alone,

Intrinsic catalytic effects are due to the perturbation of the catalytic pathway of the
enzymatic reaction and, thus, reflect events arising from the fact that interactions
between enzyme, substrate and cosubstrate occur in a different microenvironment
when an enzyme is immobilized. Due 1o the low diffusivities of species in the enzyme
matrix and the high catalytic activity of enzymes often concentration gradients are
established in the surroundings of the bound enzyme so that the concentrations may
differ between the micro- and the macroenvironment.
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4.3.3 Mass-transfer effects

When an enzyme is bound to a carrier, the substrate and cosubstrate diffuse from the
bulk solution to the catalytic sites, and the products of the reaction usually diffuse back
to the bulk solution. Such processes can involve both diffusion and convection. An
immobilized enzyme functioning under conditions of diffusional restrictions hence is
exposed, even in the steady state, to local concentrations of substrate, cosubstrate and
product different from those in the bulk solution. This is reflected in the values of the
kinetic parameters usually employed to characterize enzymatic reactions,

In the case of diffusional resistances, the concentration differences in the system are
caused by the respective depletion and accumulation of the substrate, cosubstrate, and
product as a resule of the chemical reaction, The extent of depletion and accumulation
of species in the matrix usually depends on their size. Large molecules have a relatively
small diffusivity in the porous medium so that they usually encounter significant
diffusional resistances. The molecular weight and diffusivity in aqueous solution are
shown for certain biological substances in table 4.1. As expected from these data, the
decrease in enzyme activity due to immobilization has been found 1o be greater with
high- than with low-molecular-weight substrates [17, 18} When the substrate
moalecules are larger than the pore size of the medium containing the enzyme, the
substrate cannot diffuse to the catalytic sites and no reaction can take place even if the
enzyme is fully active.

Table 4.1: Dependence of diffusion coefficient on molecular weight in water at 20°C.

species MW diffusion coefficient
[10-8cm?/ 5]

glucose 180 6.7
sucrose 342 4.5
ribonuclease 13 683 1.1
serum albumin 66 500 0.6
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4.3.4 Intrinsic, inherent, and effective rates

In vicw of the above effects, in the case of immobilized enzymes, where the apparent
kinetic behavior can be controlled by both micreenvironmental and mass-transfer
effects, it is uscful to distinguish between intrinsic, inherent, and effective rates of
reaction. Each is characterized by different values of the kinetic parameters. The
relationship between these overall rates is schematically illustrated in Fig. 4.7. The
different reaction rates are defined as follows:

1.3 The true kinetic behavior of a bound enzyme is characterized by the
intrinsic kinetic pararoeters. Thus, the intrinsic kinetic behavior of an
enzyme matrix can be observed in the macroenvirenment only if the
concentration of the substrate, cosubstrate, and product is the same in
both the micro- and macroenvironment. The intrinsic kinetic parameters
of an immobilized enzyme are not necessarily the same as those of the
free enzyme in solution because conformational changes, matrix
interactions, and steric effects can change the intrinsic kinetics of an
enzyme upon immobilization,

2.} The inherent rate of reaction is defined as the rate that would be
observed in the absence of any diffusional limitations, i.e., if the
transport of species between the enzymatic micro- and
macroenvironment is infinitely fast. In practice, the inherent enzyme
activity can be observed with thin membranes, with low enzyme
activity, and with sufficient stirring of the bulk solution.

3.) The effective rate of reaction and the effective kinetic parameters for
bound enzymes are observed when diffusional limitations occur in the
presence or in the absence of partition effects. Values can be determined
from the overall rate as measured under usual experimental conditions,

Because of the relatively slow transport of biochemical substances, diffusional

resistances most often affect the activity of immobilized enzyme systems and,
therefore, are treated in more detail in the next section.
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Fig. 4.7: Schematic illustration of the Jifferent rates and kinetic
parameters and their interrelation.
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4.4 External and internal diffusion

The transport of substrate and cosubstrate from the bulk analyte to the active sites of an
immebilized eazyme as well as the reverse transport of the product away from the
enzyme molecules can be divided into two modes: exiemal and internal transport.
External transport is the mass-transfer between the bulk solution and the outer surface
of the enzyme matrix and is based on diffusion and convection. The intemal transport,
on the other hand, is based on diffusion cnly and ensures mass-transfer inside the
catalytic matrix. The main difference between external and intemal mass transport is,
however, that the latter proceeds simultaneously with the chemical reaction, whereas
external diffusion occurs in series with the actual catalytic reaction step process.
When the mass transport of subsmate is slower than the rate of its transformation by
the enzyme, the cbserved reaction rate would be lower than expected for a given
amount of enzyme in solution, since not all enzyme molecules would be in contact with
substrate at a concentration level identical with that of the bulk solution [19]. This
phenomenon can be expressed quantitatively by the effectiveness factor 1, defined as
the ratio of the actual reaction rate v' to the rate v which one would ebtain if no mass-
transfer limitations were present and hence all enzyme molecules were exposed to the
same substrate concentration as that in the bulk solution. This relationship is expressed
by .

vi=Tv (4.2)
For an enzymatic reaction following Michaelis-Menten kinetics, v is given by eq.(3.8).
Hence, in the presence of diffusional limitaticas, the reaction rate obeys no longer the
Michaelis-Menten kinetics. Moreover, the conventional methods of treating data of
enzyme kinetics, whereby the characteristic rate parameters v, and K, are deduced
from the slopes and intercepts of the appropriate linear plots, give misleading results.
This can easily be seen by introducing the effectiveness factor 7 from eq.(4.2) into the
Michaelis-Menten expression (3.8):

v=n (#j{sslﬂ 43

and rewriting the laner in the commeon Linear form of eq.(3.15):

K 1 1
=M (4.4)
M Vmax D) 0 Vg

1
v

Eq.(4.4) need not represent a straight line because M is a function of the substrate
concentration,

81



Chapter 4 Immobilized enzymes

In the case of external diffusional limitations, the chemical reaction occurs after the
substrate has reached the catalyst's surface. The depletion of substrate across the
bonndary layer can in many cases be approximated by a linear gradient. Moreover,
partial cancellation of external diffusional limitations can be effected by increasing the
rate of stirring of the sample solntion. With internal transport limitations the diffusion
process occurs simultaneonsly with the chemical reaction, so that the two events are
conpled in the mathematical sense and would normally give rise to nonlinear substrate
concentration gradients within the enzymatic membrane.

In the following the effecis of the external and internal diffusional resistances on a
solid-phase enzyme reaction are discussed. The treatment is carried out by using planar
geometries (flat surfaces and membranes). Hence, mass transport can be considered as
an one-dimensional problem,

4.4.1 External diffusion

When an enzyme is atteched to 2 fluid-impervious solid surface, the rate of flow of
substrate I, from the bulk solution to the catalytically active surface can be described
according to the 1% Fick's law by the product of a transport coefficient and the
corresponding driving force which is the concentration difference between the snrface
and the bulk;

5 = %a (Sy] - [S;]) = b, ([Sy] - [S,]) .3

[Sp] is the bulk and [S,] the surface concentration of substrate, D, is the diffusion
coefficient for substrate, & the thickness of the boundary layer and h, the transpart
coefficient for substrate. 8 represents the so-called Nemnst (unstirred) layer. The flow
of product I, away from the surface can be similarly expressed by:

D,
Jp = =2 (P~ [RD) = by (R - P “.9

where Dy, is the diffusion coefficient for product P, In a surface reaction the flow of
substrate to the catalytic surface and its transformation by an enzyme reaction take
place consecutively . At steady state, the two processes proceed at the same rate. When
the enzyme reaction obeys Michaelis-Menten kinetics, we get from eq.(3.8) and

€q.(4.5):
I, = v .7

Vimax [5;]
R s

by ([Sy] - [S,D)
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In the particular case where the overall reaction obeys first-order kinetics (Ky » [S]),
€q.(4.8) can be written as:
hy ([Sy] - [S,D) = 2. [S,) 4.9

Hence the effective substrate concentration at the catalytic surface can be obtained from
€q.(4.9);
h; [Sp)
[Sd = (4.10)

Thus the effective first-order reaction rate v' in case of Ky » [S] can be written as:

v - e sy - e [Selhe @.11)

M h.l + a:x
According to Faraday's law the corresponding current response is [20]:
i=nFAY (4.12)
In the particolar cases of high and low transpart coefficients we get:

hy » E::*: Vi B v*=‘—’llg;:&- (5] (4.13)
h,«{g;—‘: var = ¥ =[Syl by (4.14)

At high values of h, mass transport is mach faster than the enzymatic reaction, and the
overall reaction is conwrolled by the enzyme kinetics (vy;;). Conversely, at low values
of h, the enzymatic reaction proceeds much faster than mass transport, and the reaction
is diffusion controlled (vg). At intermediate transport coefficients h, either vg; or vig,
will play predominant roles, depending on their relative magnitudes.

At the limit of sufficiently high substrate concentrations, when [5,] » Kjy and the
reaction is zero order with respect to substrate, v' will always be equal to v, , the
inherent saturation value of the enzymatic reaction. The values of the apparent
Michaelis constant, defined as the substrate concentration which gives a reaction
velocity corresponding to one-half of v, will, hawever , be considerably higher
when diffusional limitations are present {21]. The behaviour of the enzyme kinetic and
diffusion controlled reactions as well as the reaction rate of an intermediate h, are
visualized in Fipg.4.8.
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Vit

Y kin
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Fig. 4.8:  Schematic plot of overall reaction rates as
a function of bulk substrate concentration.

According to €g.(4.11) the relation v'/v ,, for first-order reaction can be expressed as:

[S;]
e @
‘max 1+ mnz':]
M B

Further, a dimensionless substrate modulus L can be defined: p= Kvlrﬁ“—
]

: A Y S
so that: o Ky TR (4.16)
M is a physical constant for a given system. Eq.(4.16) shows that the dependence of
V' Vs 18 2 linear relation of [S,)/Ky, but dernonstrates also the general importance of

extemal diffusion limitations on the observed reaction rates.

4.4.2 Internal diffusion

The functioning of an enzyme membrane involves two simultaneous phenomena:
enzyme catalyzed reaction and metabolite (substrate, cosubstrate and product)
transport. Thus, the rate of catalytic reaction per unit volume clement of immobilized
enzyme decreases with increasing distance (in depth) from the surface of the
immobilized enzyme due to substrate consumption in the course of its diffusion
through the catalytically active medium. In parallel, the formation of product leads to
the generation of product concentration gradients.
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If edge diffusion is prevented, the concentration of any substance is constant over any
plane parallel 10 the elecrode. Thus the concentration can vary only normal to its
surface. In this one dimensional problem, the origin of the homogeneous membrane of
thickness d is taken at the membrane-solution interface. Sy is the substrate
concentration in the bulk solution, S(x,t) the substraie and P(x,1) the product
congentration at a given location x in the membrane at time 1. To render the
mathematical formulas dimensionless the substrate and product concentrations are
normalized, resulting in the fractional substrate, f;, and product concentration, fp:

£, (00 = -r[s(":)] A —[P(S";‘)] @.17)

At steady state, the diffusion can be described by the 15 Fick's law. The metabolite
wansformation causes a flux of substrates and products. If the enzyme kinetics follows
the Michaelis-Menten mechanism, it is:

fs(x) — vmax fs(x)

JS(X) =- Ds ox. KM + fs(x) (4.18)
. . af, af
Taking account the conservation of mass: -t = —3;2 . (4.19)

i _ 00 v 1)
we get: Ip(x) =- Dp'%x— =- W (4.20)
Djs is the diffusion coefficient for substrate and Dy, for product. To caiculate the time
dependent diffusion and thus taking into account the metabolite concentration changes
with time, the 2™ Fick's law has to be applied:

dE(G) | dOGD Vo Rlub
T T TaxE T Ry 4 LD @21
and
dfylx.t) _ d2(x.1) _ Voax G50X1)
& -z T Ry fLOD (4.22)

Eqs.(4.21) and (4.22) are the differential equations describing the linear diffusion of
substrate through an enzymatic membrane taking into account the appropriate substrate
loss and product formation calculated with the Michaelis-Menten kinetics. To solve
these differential equations, we need the boundary conditions,

With amperometric electrodes the electroactive species is consumed rapidly at the
electrode surface, with the result that the concentration at the membrane-electrode
interface is maintained at zero:

flt)=0 at x=d 4.23)
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The substrate, on the other hand, is assumed to be electroinactive. Thus, there is no
flux of substrate at the electrode-membrane interface:

GOy e @20
A concentration gradient may exist in the solution immediately adjacent to the
membrane (Nernst's diffusion layer). This gradient depends strongly on the stirming
conditions and is often neglected. This results in a fractional substrate concentration
equal o 1 at the membrane-solution interface:

fla)=1 at x=0 (4.25)
The flux of product ont of the membrane is often neglected, becanse the initial product
concentration is zero and stirring serves also to dilute the product concentration at the
membrane-solution interface:

f(xt) =0 at x=0 (4.26)
Similar differential equations as eqs.(4.21) and (4.22) are deduced in chapter 6 and are
then applied to modelize the amperometric two-substrate enzyme electrode. Thereby,

the here discnssed boundary conditions are still valid but are completed by those of the
cosubstrate,
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4.5 Conclusions

The description of the most commonly used enzyme immobilization methods has
shown that, in principle, any biologically active macromolecule can be insolubilized
and fixed on a solid support, in a gel or in a porous matrix. The different
immobilization techniques can be grouped in adsorption, entrapment, cross-linking by
bi- or multifunctional reagents and covalent bonding to reactive supports. Moreover,
the combination of different methods is possible. The activity, the pH optimum, the
Michaelis-Menten constant Ky and the stability of the immobilized enzyme are usuallly
changed compared with those of the soluble species depending on the particular
enzyme, the support material, and the type of enzyme-support interaction.
Unfortunately, there is no way to predict the resulting behavior of immobilized
enzymes, sa that the optimum parameters must be determined empirically by trial and
error procedures. There are, however, logical approaches 1o immobilization based on &
knowledge of enzyme and active-site stucture, and an understanding of the coupling
chemistry,

In contrary to a well stirred homogeneous enzyme solution, where the concentration of
all species is uniform throughout the system, bound enzymes show modified kinetics
due to structural changes upon immobilization, interactions between the matrix and the
substrate and/ or cosubstrate resulting in concentration nonuniformities in the enzyme
matrix, as well as the presence of diffusional resistances. The different effects leading
to such a changed behavior have been discussed in order to allow a theoretical
treatment of immobilized enzyme kinetics which is necessary for the understanding of
enzyme electrode design and the interpretation of sensor respanses. Since biological
substances show a relatively low diffusibility, diffusional resistances often affect the
activity of immobilized enzyme systems. Therefore, both external and internal
diffusion have been treated mathematically for planar enzyme electrode design resulting
in & distinction of two operational mades: the diffusion controlled and the catalytic
reaction controlled mode.

As an example of immobilization techniques the insolubilization and fixation of the
enzyme glucose oxidase (co-cross-linking GOD with albumin by a bifunctional
reagent) is detailed in the next chapter. A profound treatment of the combination of
enzyme kinetics with internal metabolite diffusion is given in chapter 6 where the
appropriate differential equations are deduced and applied to modelize the current
response of an amperometric enzyme electrode.
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5.0 Summary

A planar electrochemical microcell is fabricated using standard planar processing. The
electrochemical behaviour of this device consisting of 1wo Pt elecrodes (working and
counter electrode) and ane Ag/AgCl reference electrode is studied in order to draw a
parallel between some technological parameters of thin film processing and the
clectrode surface properties. An immobilized glucose oxidase membrane is then
manually deposited and the amount of H,0; preduced is measured. In order to render
the sensor response less dependent on pOy &n additional outer polyurethane membrane
is dip-coated. The overall dimensions of the device are 0.8 mm x 3 mm. The sensor is
then characterized in a modified Krebs solution and tested in vivo, subcutaneously
implanted in rats,

Thin enzyme membranes can also be deposited on wafer level and patterned by the IC-
compatible lift-off technique. Thus obtained membranes are weli defined and have a
good uniformity of membrane thickness. The linear response range of such prepared .
membranes, however, is rather low.
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5.1 Introduction

A glucose sensor is 2 transducer that converts glucose concentration into an easily
measurable current. Its fabrication and characterization is subject of this chapter. Jt is
iayed out as miniaturized amperometric glicose sensor designed for the use in
analytical chemistry as well as for bioprocess contrel and biomedical applications. In
this latter field sensor miniawrization plays an important role, especially when enzyme
electrodes have to be used in vivo.

Until recently, such sensors have been realized with thin metallic wires. The
optimization of thesz wire electrodes resulted in needle-type electrodes with diameters
of less than 1 mm {1]. An impertant disadvantage of this technique is the difficult mass
production. This problem can be solved using microfabrication technolegy, in
particnlar metal evaporation and patterning on silicon substrates, resnlting in planar
sensors [2, 3]. In this case, the silicon wafer only serves as flat substrate and can, in
principle, be substituted by a glass plate.

The amperometric glucose sensor can be divided into two parts: the electrochemical cell
and the membrane part. The electrochemical cell consists of planar metallic electrodes
deposited on a passivated silicon substrate. Biological modification of the electrode
surface is done by immobilization of an enzyme onto the transdncer surface [4].

The stability and the life-time of an enzymatic sensor depend on the solid-state part as
well as on the enzymatic membrane. The first part of this chapter is intended to
characterize the solid-state electrochemical microcell so that before it is completed by a
membrane its electrochemical behaviour is known. In the following, the fabrication of
the membrane part consisting of a manually deposited enzyme layer and the dip-coated
glncose diffusion limiting polyurethane membrane is detailed. The thus completed
glucose enzyme electrode is then characterized in vitro, i.e., in a modified Krebs
physiological solution.

In order to obtain precisely panemed membranes with good uniformiry of membrane
thickness, the 1C-compatible lift-off technique has been applied for pattemning
enzymatic membranes on wafer level [3, 5]. The final devices are tested for the
determination of glucose and the responses of different glucose electrodes are
compared. This technique can only be used for the fabrication of thin membranes of
about 1-2 pm thickness [6] which are not suitable for in vivo testing. On the other
hand, they can be used for flow injection analysis (FIA) with predilution of the
sample.
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This chapter, finally, is completed by an in vivo characterization of glucose sensors
consisting of mannally deposited enzyme membranes and dip-coated polyurethane
films. Implanted in subcutaneous tissue of rats, they are used to monitor glucose levels
during various glucose physiological tests (IVGTT, IP, clamp).
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5.2 Fabrication and characterization of a planar electraochemical cell

This section describes the fabrication and characterization of a planar electrochemical
microcell, It consists of two platinym electrodes (counter and working electrode) and
one Ag/ AgCl reference electrode, which are deposited as thin films on a 8if SiOyf
AlyO5 substrate. To improve their adhesion on oxide films, generally, an intermediary
layer (Cr or Ti} is required. Care has to be taken to characterize such electrodes [7],
because first of all no mechanical cleaning can be carried out and second a
contamination of the metal by interdiffusion of atoms from the adhesion layer, which
may influence adsorption/ desorption processes, can occur.

5.2.1 Thin film technologies

In silicon planar technology, circuits are built on the surface of a silicon wafer in a
succession of process steps. Each step begins with coating the wafer surface with a
radiation-sensitive material called a resist. A pattern is done in this material by shining
ultraviolet light onto it through a mask containing the desired partern. In positive-type
resists, the exposed region is made soluble, whereas in negative resists, the exposed
region remains insoluble. This process is known as photolithography. There are two
principle methods of applying this photolithographic technique:

1.) Applying the photolithography on a previous deposited layer {insulator,
metal film) so that the pattern of the resist can be repeated in this layer
by etching away the undesirable area.

2.) Applying the photolithography previous to the deposition of a metallic
layer or a polymeric membrane followed by lifting off the wndesired
filmn area by dissoluting the unexposed resist.

A survey of the principle resist processes is given in Fig.5.1 showing the negative and
positive resist definition. Positive resists develop in the exposed region and usually
remain soluble in acetone for lift-off, Negative resists remain in the exposed region but
are insoluble in acetone and not svitable for lift-off. For etching, however, both
positive and negative resists are used.
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Fig. 5.1: Resist processes and their principle use in thin film
technologies.

By using etching processes, oxides or metals arce first deposised on the whole wafer,
The areas that have to stay are grotected by a photoresist layer. This resist film is
previously patierned by photolithography and, thus, acts as etching mask. Applying
then an appropriate etch solution, the undesired part of the metal or ingnlator layer is
removed selectively, Hence, the etching technique comprises four principal processes:

1.) Evaporation of metal layers, oxidation of Si or depositon of other
insulating layers by chemical vapor deposition (CVD), etc.

2.} Photolithography, i.e., deposition of a photoresist layer followed by its
patteming

3.} Selective etching of unwanted metal
4.) Removing the photoresist by applying a stripping procedure.
By applying the lift-off technique the process sequence is changed, i.e., the photoresist

is first deposited and pattemed. A metal layer, a polymeric membrane or an insuladng
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layer is then deposited on top of the resist and patterned by dissolving the underlying
resist. Thus, this technique comprises only three processes:

1.) Deposition and pattemning of a resist fiim

2.) Evaporation of a thin metallic film, deposition of an insulating layer or
application of a polymeric membrane

3.) The material that has to be removed is on top of the resist and, thus, is
lifted off during resist stripping.

The lift-off technique has the advantage that it saves one process step. Additionally and
often more important is that it requires no etch selectivity between snbstrate and
material to be remaved. However, there is the problem of adhesion which, hereby, is
much more pronounced due to the strong mechanical stress between the material on the
substrate which has to stay and the material on top of the resist which is removed.

Eich processes suffer not only of the required selectivity, but sometimes also of an
appropriate etching solution. Hence, some meetals such as platinum are very difficult to
etch. For this reason, the lift-off technique has been chosen for the fabrication of the
electrochemical cell described in this chapter.

5.2.2 Lift-off process

This section describes the lift-off procedure used for patterning the platinom and silver
electrodes. The typical process steps involved are illustrated in Fig.5.2 and are treated
in more detail in the following. A more complete description of semiconductor
lithography can be found in the literature [8].

The cleaning and dehydration of the wafer surface, generally, is followed by applying
a priming procedure in order to improve the adhesion of photoresist on oxide layers.
The waferis then placed on a spinner and held by a vacnom. Using a pipette, a certain
amount of positive resist is deposited. By rotating the wafer, the photosensitive liquid
is leveled and spun off by centrifugal forces. In order to remove the solvents contained
in the resist, the film is mildly baked. The prepolymerized resist is then exposed 10 uv-
light. After the development where the exposed part is removed, the film is hard baked
10 improve its mechanical and chemical resistance. Further, the metal layer is
evaporated and patterned by dissolving the unexposed resist.
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Fig. 5.2: Typical process steps involved in a lift-off procedure,
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5.2.2.1 Substrate

The substrate used is generally a three inch silicon wafer with two passivating layers
(1500 A S$i0,, 1500 A Al,04 or SisNy). ideally, the photolithography should be
carried out immediately after the deposition of Al,Q; or SisN,. If the wafers are stored
longer than one day orif there is another reason why the wafers are dirty, they have to
be cleaned by immersion in acids (e.g., fuming HNO,) for arganic contamination
removal. All cleaning procedures are finished by rinsing the wafers with deionized
water. The clean wafers are then dehydrated by baking them at the maximum
temperature the device allows at this stage of fabrication. Usually, a minimum
dehydration bake at 200 °C during 30 minutes is recommended. This remaval of water
is often followed by a deposition of an adhesion promoter such as
hexamethyldisilazane (HMDS). The application of this silane on the surface of oxides
just prior to resist coating improves subsequent resist adhesion. The priming is applied
in cold vapor phase and produces an interfacial bonding layer for the photoresist and,
addidonally, removes any residual moisture held at the surface. The automatic settings
of the silanization apparatus used are: 3 min purging in Ng, 15 min in HMDS and
again 5 min in Ny,

5.2.2.2 Resist caating

Maost of the photoresists are two-component formulations made of a polymer base and
a photosensitizer, i.e., they are a mixture of film-forming polymers, photoactive
compounds (PAC), solvents and other additives. The general resist requirements affect
thickness, topography, thermal stability, profile control, resalution, adhesion, film
defects, wet etch resistance, plasma and RIE resistances. Except for the
photosensitivity and the spectral response, all of the properties of a resist are derived
from the polymer component. The required resist thickness depends an the application.
The lift-off process, e.g., requires mostly a thicker resist layer than an etching process.
For this reason, there are several photoresists with different viscosity on the market.
Besides resist types, thicknesses depend also on spin speeds during the coating
procedure.

All resists used are from Shipley. Microposit $-1400-27 is applied for Pt-patterning
and Micropaosit 1350 J for Ag. The amount required for one coating is about 1 ml per
wafer (3 inch). Their coating thicknesses as a function of spin speed are shown in
Fig.5.3.
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All photoresist coatings are done using a Convac ST 143 spinner. This instrument has
six parameters which are divided into two part: cycle-step one and cycle-step two,
Each part includes three variables: ramp, time and spin speed in tpm, i.e., rotation per
minute. Typical spinner speeds are between 3000 and 500 rpm.

Each deposition is followed by softbaking the resist coating. Typical prebake
temperatures are between 80 °C and 90 °C so that, after 30 - 40 minutes, the majority
of solvent is removed. Under-baking leads to an increased loss of unexposed
photoresist and decreased adhesion.

E 21
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0 T . —

3000 4000 5000 6000
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Fig. 5.3: Resist thickness vs. spin speed.

5.2.2.3 Exposure

Photoresists are very sensitive in the UV-region, but insensitive to long waves of the
opti¢ spectrum, For this reason ali work can be done in a yellow room. Thus, when
the softhaked resist system is exposed to uliraviolet light, the PAC undergoes a
photochemical reaction which alters its molecular structure and changes its solubility.
Typically, photoresists are exposed in the 340 to 450 nanometer range. In the case of
positive resist, nitrogen is liberated during exposure. It is important that water
molecules are present in the resist film dering exposure for the mechanism to proceed
properly. Insnfficient relative homidity canses decreased light sensitivity, The proper
waorking condition is at least 35 % relative humidity. In our laboratory, a humidity of
40 % is guaranteed by air conditioning,
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Often there is a need for several photolithographic steps which requires a very exact
alignment. For this reason each mask contains alignment marks for overlaying one
circuit pattern level precisely on top of the previous layer. Thus, the selective uv-
exposure of the resist is performed under microscope (Karl Siiss maskaligner). The
appropriate mask, which is usnally a chromium oxide patiern, has the same structure
as the metallic layer we want 10 obtain, The chromium oxide pattern is deposited on a
glass plate and is opaque for uv-light. The required energy of the uv-light depends on
the resist employed. To calculate the exposure time, the lamp intensity of the mask
aligner has to be measured, During exposure, the wafer is in contact with the mask.

5.2.2.4 Chlorobenzene sook

A first requirement for a successful lift-off is a high ratio of resist to metal thickness,
thus ensuring that the metal deposit does not become a continuous film. A second
consideration is the resist profile. Generally, three different profiles are distinguished
(see Fig. 5.4): overcut, vertical and undercut. The formation of profiles depends first
of all on the applied dose of uv-exposure.

N/ —1 ] L\

undercut vertical overcut

Fig.5.4: Major tesist profiles.

If the profile is undercut (see Fig.5.5), metal wing formation may occur and cause
poor edge definition and subsequent problems with thin membranes. Additionally,
problems may result during lift-off when parts of the protruding feet break and then are
redeposited on the wafer surface. Hence, in order to facilitate the lift-off and to obiain
good line width control, an overcul profile with a smaller opening at the top than at the
bottom is necessary to prevent step coverage. To enhance the formation of this profile,
additionally, a chlorobenzene soak can be applied.
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before lift-off after lift-off

Fig. 5.5: Schematic illustration of microcrack at the top of the metal layer.

When exposed resist films are soaked in chlorobenzene, low molecular weight
components are partially removed resulting in a hardening of the top of the resist layer.
Thus, the top layer becomes less solnble during development, resulting in an overhang
profile, Moreover, the diffusion of ehlorobenzene into the resist results in a swollen
top layer (see Fig.5.6). The depth of penetration depends on soak time and solvent
content after prebake. The whole soaking process is controlled by the prebake, the
soak time, the time of nv-expasure and the development.

. swelling of
resist - — &~ photoresist
LSS /)
substrate substrate

Fig.5.6: Swelling of photoresist during soaking in chlorobenzene.

An overhang of the resist step induced by chlorobenzene treatment is required in order
to minimize the microcrack at the top of deposited substrate, but is not always
sufficient to achieve a sharp metal step. Thus, even when the top of resist is overcut
but the rest of profile is undercnt protruding feet may form (see Fig.5.7).

tetal metal wing tips

———
photo-
resist W

substrate l substrate I

Fig. 5.7: Formation of metal wing tips in lift-off dne to resist foot.
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A further consideration is the outgassing which may arise during meial deposition {see
Fig.5.8). Hence, fluctuations of the vacuum pressure are evidence for resist
ontgassing from such components as N, from the sensitizer, the phenol in the resin of
the resist, trapped water and other solvents. Outgassing from walls of resist acts as a
streaming source 1o divert the deposidng metal fnto forming pyramidal profiles. To
minimize outgassing, careful bake conditions as well as low metal deposition

temperatures are required.
metal
oA
[ I |
L] |}
vVy
outgassing ¢ outgassing
resist resist

Fig. 5.8: Ouigassing resist at elevated temperatures and electron
bombardement during e-beam metal deposition distorting angle
of metal deposition.

Because the 10p opening of the resist serves as the metal deposition mask, e-gun metal
cvaporation should be done a1 an angle nearly normal 1o the wafer surface. Thus,
rotating of the wafer during deposition, as often applied to smooth the deposited layer,
cannot be used.

5.2.2.5 Development

Excessive delay between exposure and development brings a reduction of image
fidelity known as latem image decay. Photoresist coatngs should be snbjected to no
more than 4 hours delay between exposure and development.

The dissolution rate of the exposed resist by the developer is up to a hundred times
faster than that of the unexposed resist. Increased developer temperature will aiso
increase development rate. It is recommended that developers are used between 20 °C
and 25 °C. The here used resist types, usually, are developed in a AZ 351 developer
(130 ml AZ 351, 750 m] H,0) for about 60 seconds, Finally, the wafers are washed
in disdlled water.

To prevent outgassing during metal deposition the resist is postbaked and thus allowed
to compleiely polymerize. In order to enhance the effect of chlorobenzene soak the
prebake is done at the lower limit of recommended temperatures. Thuos, to avoid a too
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violent removing of solvents during postbake which would result in a rough resist
surface, the wafers are postbaked in two steps: first, at a temperature of 85 °C for 20
minutes and second at 120 °C for 20 minutes.

5226 Metal deposition and lift-off

Metal deposition can be done by physical vapor deposition (PVD), galvanic deposition
or chemical vapor deposition (CVD). Any deposition procedures consists of three

sieps:
a) Transition from a condensed phase to the vapor phase

b) Transport of the vapors between sonrce and substrate
¢) Condensation of vapors followed by film nucleation and growth

PVD processes have the advantage that ali three steps can be controlled independently.
Three PVD technigoes are known [9] : evaporation, ion plating and sputtering:

Evaporation:

Vapors are produced from a material located in a source which is heated by direct
resistance, radiation, eddy currents, electron beam, laser beam or arc discharge. Such
evaporation processes are carried out in vacuum so that the evaporated atoms undergo
an essential collisionless transport prior 1o condensation on the substrate. Thereby, the
substrate is usoally at gronnd potential, i.e., not biased.

lon-plating:

The material is vaporized similar 1o the evaporation process but it passes through a
gaseous glow discharge on its way to the substrate, thus ionizing the vaporized atoms,
The glow discharge is produced in a gas chamber (e.g., argon) by biasing the
substrate 1o a high negative potential (-2 to -5 kV). Thus, the substrate is bombarded
by high-energy gas ions which results often in a better adhesion of the deposited film
and lower impurity content.

Sputtering:

Positive gas ions (nsually argon ions) are produced in a glow discharge. They are used
to bombard the target material (cathode), dislodging groups of atoms which pass into
the vapor phase and deposit onto the substrate. Sputtering is an inefficient way to
indoce a solid-to-vapor transition but, dve to a continuousty cleaned surface (ion
bombardement), a better adhesion results compared to evaporated layers.
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All metal films used for the fabrication of the electrochemical cell are ¢-gun evaporated.
This technique is based on the evaporation of slectron beam heated metal and is
performed under high vacuum conditions (typically 10-% to 10-6 torr). The source
material is placed in a multi-crucible so that thin film muliilayers of different metals
such as Ti/ Pt or Ti/ Ag can be deposited.

Thus deposited metal films suffer often from residual mechanical stresses which may
influence the adhesion behaviour. They may arise from imperfections built in during
growth, Their appearance can, in principle, be reduced by increasing the deposition
temperature of the substrate. Applying lift-off technique, this method is useless
because the photoresist does not support temperatures above 120 °C. An other reason
is due to the different thermal expansion coefficients of the substrate and the deposited
layer. This may be solved by depositing an intermediary layer with a graded expansion
coefficient. The linear expansion coefficients of silicon [10], alumina [11], nitride
[12), glass [11] and metals [10] used for the electrochemical cell are given in table 5.1.

Table 5.1: Expansion coefficients of several materials used
for the planar elecorochemical cell.

coefficient of
material lincar expansion
(x 106 /°C)
platinum 9
silver 19
titanium B.5
chromium 6
silicon 3
alumina 6
nitride 4
glass 9

The positive photoresist is then dissolved in acetone (stripping) and, thus, the metal on
top of the resist is removed. As a result only the metal situated on the exposed part of
the wafer surface will remain. Negative resists have to be siripped in foming nitric acid
or specific solutions (resist remover).

During metal lift-off, the frequent filtering and changes of the lift-off tank are
necessary 1o prevent polymer and metal redeposition. Sometimes, heating of the lift-off
solvent is necessary 10 facilitate its permeation. If the solvem does no dissolve the lift-
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off layer, ulrasonic agitation is often used to assist removal of the undesired metal.
Therchy, care has to be taken because adhesion failure may occur,

52.3 Mask sets

One of the first step in the realization of a planar sensor is the design of the sensor
laycut which defines the electrode geometry, The layout is strongly linked with the
processing sequence because, generally, each step requires a different mask. Further,
critical dimensians, e.g. size of the electrodes and the distances between them, are
defined by processing limitations. The different masks used for the fabrication of cnr
standard planar electrochermical cell are presented in Fig, 5.9

-

Y
‘0.5 —
mask 1 mask 2 mask 3
(ift-off Pt) (lift-off Ag) (window for partial
chloridation of Ag)

Fig. 591 Mask layout SGL200 of the standard three electrode cell
(dimensions in mm).
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Soch a sensor layout is usually done on an intuitive basis. Since biomedical
applications are envisaged, the geometries should be as small as possible, especially in
width, allowing thus the assembly in a catheter. On the other hand, the response of an
amperometric sensor (i.¢, current) is proportional to the area of the working electrode.
Additiopally, small electrodes show a large noise to signal ratio. Hence, narmow but
long electrodes are preferable. An other consideration is the ratio, r, , between
working and counter electrode area, Ay, and A tespectively, which should be small to
prevent current liritations at the counter efectrode. Also, a too close spacing between
the electrodes has to be avoided to prevent migration of AgCL In erder to facilitate the
encapsulation of the bonding wires, the distance between the electrochemical aclive
electrode surface and the bonding pads should be sufficiently large. All these
parameters have been taken into account for the above presented mask design,

The first mask defines the Pr-electrodes and the second the Ag-electrode. The working
electrode area exposed to the analyte solution is 0.085 mm? and that of the counter
¢lectrode 0.19 mm?, Thus, the ratio r, is about 0.45. In order to facilitate the wire
bonading, the area of ihe bonding pads is 0.2 x 0.2 mm?. 150 um on each side of the
chip are provided for an easy encapsulation. The electrode spacing is 50 yim and the
overall chip dimensions are 0.8 mm x 3 mum x 0.38 mm (one wafer contains 1071
cells). The third mask serves as window for the partial chernical chloridation of the
silver electrade. Tt could have been chosen much smaller, but such a large window
over all three electrodes can also be used for lift-off of on-wafer deposited membranes
(see section 5.4).

In order to optimize the sensor miniaturization, an other layout has been developed.
Due 10 encapsulaticn, the most limiting point for further miniaturization are the chip
sides. This problem can be solved using glass wafers. Their use offers several
advantages such as no passivating layers and no encapsulation of the chip sides are
required. On the other hand, they possess a serious drawback: large glass disks are
rather delicate to mechanical stresses, especially during dicing. Thus, the density of
cell structures on the wafer has to be reduced. On the other hand, the absence of sides’
encapsulation allows to obtain smaller width of the final chip (see Fig. 5.10) which is
especially favourable for in vivo applications. In order to use the same working
facilities in the production line as for silicon wafers, three inch glass wafers are
preferred. They are obtained from Schout & Schleiffer and are 0.15 mm thick.

The layout shown in Fig. 5.10 contains 286 electrochemical cells per wafer. The
working electrode area exposed to the solution is 0.08 mm? and that of the connter
electrode 0.1 mm?. Due to the smaller design, the bonding pads measure 0.2 mm x 0.1
mm, stil! allowing a fast and easy bonding procedure.
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mask 1 . ‘ mask 2
(lift-off P1} (lift-off Ag)

mask 3
{window for partial
chloridation of Ag)

: 0.31 .

225

Fig. 5.10: Mask layout SGL600 {dimensions in mm).
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The smallest distance between the electrodes is stil! 50 pm. The larger spacing between
the different cells, compared with the standard layout, aliows the choise of the chip
width, After dicing the wafer, the minimum glass chip width is about 0.45 mm. When
this layout is applied to silicon wafers, the minimum width is 0.5 mm. In this case,
after dicing, about 0.1 mm is left for encapsulation on each side.

5.2.4 Process steps for the realization af the electrochemical cell

The layout of the standard electrochemical cell is schematically presented in Fig.5.11
whereas Fig. 5.12 illustrates its complete fabrication procedure. The substrate used is
n-type, (100) oriented sikicon, 75 mm in diameter and has a resistivity of 15-35 Qcm.
Afier a standard cleaning procedure, the wafer is thermally oxidized at 1100 °Cin adry
oxygen atmosphere during 80 minutes. The thickness of the SiO, film is about 1500 A
as determined by ellipsometry. This high quality 8i0; film acts as a first isolation layer
between the electrodes and between the electredes and the bulk. The use of Si0, alone
shows several deficiencies such as poor chemical stability, permeability to alkali ions
(cavsing electrical conduction between the electrodes) and susceptibility to breakdown
becaunse of the poor electric field srength of the hydrated oxide [13). To improve the
life-time of the device an additional inorganic film such as SisNy [14] or Al,O5 [15]
has to be deposited on top of the Si0, to form an jon-barrier film. Its thickness is
about the same as that of Si0,,

.+ bonding
,.‘:::‘ pﬂdS

Fig. 5.11: Schematic layont of the standard efecrochemical cell.
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Such passivating layers can be deposited by chemical vapour deposition {CVD) where
the constituents of the vapor phase react to form a solid state film on the substrate.
Silicon nitride films are deposited at low pressures (LPCVD) by a silane (SiH,)-
ammonia (NH;) reaction which occurs at temperatures of 900-1000 °C.

wafer [ cleaning

deposition of dry oxidation
Al,0, 510,

1.} phatolithography 1.} photolithography

of Pt-electrodes J—— of Ag-clectrodes
2.) Pt-deposition 2.) Ag-deposition
3) lift-off 3.) lift-off
chemical chloridation photolithography of
of Ag-electrode AgCl-elecuode

dicing the wafer | ——pm | gluing the individual chips on PCB

. bonding and
ST, Alf——n £
lesung packaging

Fig. 5.12: Schematic description of process steps.
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Alumina can be deposited by chemical vapor deposition at atmnospheric pressure
(APCVD) [16]:

T>700°C
INO+2H, == N,+2H,0 G.1)
2 AlBr3 +3 HQO —_— A1103 + 6 HBr (52)

Thus, the complete reaction is:

4 AlBr; +6NO+6H; === 2Al30;+3N;+12HBr (5.3)

Since reaction (5.1) occurs only at teraperatures greater than 700 °C, the gases ¢an be
mixed at low temperatures before they get in the reaction chamber,

The thin film electrodes (Pt and Ag) are fabricated using the lift-off technigue as
described in section 5.2.2. The sequence of photolithographic sieps is visualized in
Fig. 5.13. The overcut resist profile is achieved by a chlorobenzene soak of 5 minutes
just after the ultraviolet light exposure [17]. Shipley Microposit § 1400-27 (1.2 pm) is
nsed for the Pt-patterning and Microposit 1350 J (2.2 pim) for the silver.

Noble metals such as platinum and silver, i.¢., metals which do not easily form an
oxide, show a rather poor adhesion on oxide layers. Thus, intermediary layers such as
chromium or titanium are required and are deposited in one pump down process just
prior to the Pt or Ag deposition.

mask defining
transparent " Ag-chloridation
plate [ 7 S
' ' mask defining
opaque [ ]— Ag-electrode
pattem v '
C M : . mask defining
e p——— Pi-electrodes
LI ) i ? ] L] t L]
L — | N,0;

= ——Si0,
substrate

Fig. 5.13: Photolithography steps,
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encapsnlation is difficult to avtomate so that, in general, it is still done manually.
Hence, the packaging of electrochemical sensors is often the most time-consuming
procedure of the whole sensor fabrication.

The most critical point in any encapsnlation s the zone where the three different
materials come together (sensor sorface, analyte solution and the encapsulant). This
point is the most critical one in terms of the adhesion of the encapsulant to the sensor
surface. Usually, it is at this point where a packaging starts to deteriorate.

5.25.% Packaging on PCB

The easist way of packaging a miniaturized electrochemical sensor is done by
mounting the sensor on a PCB (see Fig. 5.16) followed by an encapsulation with a
non-conductive araldite-type epoxy. The procedure is as follows:

Cu 3
v 5 ' 1 - ro
it T M e
1'[‘ — 1_!'. 04
1.8 — —
Yy = — I | f
o 100 === — == -

Fig. 5.16: Scheme of the standard printed circuit board.

1.) Gluing the sensor chip an the aboved presented PCB,

2.} The two components (the resin and the hardener) of the araldite-type epoxy
are well mixed and then left to prepolymerize during one hour at room
temperature. When the mixture is prepared carefully only a few air bubbles
are formed, so that no deaeration is required. The prepolymerization is an
important Step in order to preveat the flow of non-polymerized epoxy over
the whole sensor surface.

3.) The sides of the chip are en¢apsulated, Moteover, a thin wall of epoxy is
deposited (see Fig,5.17) in order to prevent the flow of encapsulant during
step 5.
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epoxy covercd

chip border epoxy wall
\ ~
é —
A A
I T
sensor-chip Cu

Fig. 5.17: Encapsulation of the chip sides and
deposition of a thin wall of epoxy.

The thus encapsulated sensor is again left 10 prepolymerize during one
hour at room temperature. The epoxy is then hardened during 15 minutes
at 100 °C. This second prepolymerization prevents the readily flowing of
epoxy during the polymerization step in the oven. It should be noted that
epoxies become fluid first when they are heated (before polymerization
starts).

4.) Bonding by Al wires (diameter: 45 pm), i.e., interconnecting the
electrodes on the chip with the copper lines on the PCB {see Fig. 5.18).

Al-wires Cun
I ]
- v

== —

Fig. 5.18: Encapsulated chip after bonding.

5.) Encapsulation of the bonding wires with freshly prepared epoxy. The
encapsulant is left to polymerize during two hours at room temperature
before it is hardened during 15 min at 100 °C.,

6.) Covering the remaining nnencapsulated part of the PCB with epoxy {Cu-
lines, both sides of the PCB).
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5.2.6 Electrachemical evaluation of thin film elecirodes

Since ali electrochemical measurements are extremely sensitive to the surface properties
of electrodes, their control is important in order to avoid stability and reproducibility
problems of the cell. A very convient method for the study of noble thin film metal
electrodes is the cyclic voltammetry, as the voltammagrams of bulk materials are well-
known [19]. Such an electrochemical characterization is carried out in order to draw a
parallel between some technological parameters of thin film processing and the
electrode surface properties. This alows us first to establish the process of thin film
electrochemical cell fabrication and second to achieve a reasanable reproducibility of all
electrochemical parameters tested.

The stability and life-time of the reference electrode depend strongly on the adhesion of
AgCl on thin film Ag [20], which is comrelated with the transformation ratio of Ag to
AgCl [21]. The best results are obtained with a conversion ratio of about 10-30 % of
the silver layer. When the ratio is higher than 50 % 2 loss of adheston occurs.

In Fig. 5.22 the voltammogram of bulk Pt in 0.5 M H,S0,4/ N, is presented. In this
figure peaks H, correspond to the formation of adsorbed hydrogen whereas at peaks
H, the desorption of hydrogen occurs. Plateau O, represents the formation of platinum
oxide and in region O the reduction of the oxide layer occurs. Point 1 and 2 show the
onset of bulk hydrogen respectively oxygen evalution.

| [pA)

200 -

.200 4

Fig. 5.22: Voltammogram of bulk Pt electrode in 0.5 M H,S0,/ N,.
Potentials vs. SCE.
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The shape of the veltammograms, the position, the presence or absence of different
peaks give indications on the condition of the electrode surface. The shape, number,
and size of the peaks for adsorbed hydrogen depend for example on the crystal faces of
exposed platinum, the glectrode pretreatment and solution impurities. Many substances
can adsorb onto a platinnm electrode [22] and inhibit for example the hydrogen
electrode reaction as e.g. after the formation of an adsorbed oxygen layer.

Fig. 523 shows two voltammograms of the thin film Pt electrode corresponding to (a)
as prepared and (b) elecirochemically pretreated electrode respectively. The latter has
been subject to a sequence of potential steps where oxide films are formed and then
teduced and desorption of impurities occars: 1.3V, 1V, 02V and 0.2 V vs, SCE
(30 s per step} [23, 24). The voltammogram (a) shows only minor differences from
that of the bulk Pt electrode (Fig. 5.23) and consequently the thin film Pt surface can
be considered clean enough for maost of practical uses.

I [nA]

I

30

20 +

-104

- 20 4

-30 4

Fig. 5.23: Voltammograms (scan rate: 50 mV/s) of the thin-film P electrode
corresponding to (a) as-prepared and (b) electrochemically pretreated
electrodes (stepsof 30sar 1.3V, 1V, -0.2V and 0.2 V). Solution:
0.5 M H,80,/ N,. Potentials vs. SCE.
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The pretreated electrode shows a virtually identical voltammogram to that of the bulk Pt
and thus, under stringent requirements on the surface cleanliness (e.g. study of the
clectrochemical reactions mechanism) the pretreatment should be carried out. It has to
be mentionned that, usually, the bulk Pt electrodes are also electrochemically
pretreated.

Stability and reproducibility problems of the electrochemical cell can also arise from the
use of adhesion layers. Depending on the metal used for this intermediary layer and the
fabrication procedure, when thermal treatments are used, an interdiffusion of atoms
from this layer to the electrode surface can occur. Thus, the use of a Cr adhesion layer
results in & contamination of the Pt surface: a comparison of the voltammogram of thin
film Pt (Fig. 5.23), thin film Cr (fig. 5.25) and the cantaminated Pt electrode (Fig.
5.24) shows, that the resulting curve is that of Cr superposed on that of clean Pt. This
is especially evident in the H adsorption/ desorption region which corresponds 1o that
of Pt, but in the exidation/ reduction range of Pt, the Cr peaks are superposed.

| [nA)
A

200 A

o/v.\K < E[V]

q

-200 1

Fig. 5.24; Voltammogram of the Cr-contarminated thin-film Pt electrode in
0.5 M H,S04/ N,. Potentials vs. SCE.
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.10 4

Fig. 5.25: Voliammogram of thin-film Cr electrode in 0.5 M
H,80,. Potentials vs. SCE.

The electrochemical reaction rate (current) is a function of the real surface area of the
electrode and of its potential (19). The latter depends on the stability of the reference
electrode potential and the former on the thin film deposition conditions (substrate
temperature, Tate of evaporation), The real surface area of Pt and the roughness factor
(fr = real area/ geometrical area) can be obtained from potential sweep techniques (25).
The current-potential curve for a platinum-electrode in a H;50, solution shows peaks
for the formaticn and oxidation of both adsorbed hydrogen and adsorbed oxygen. The
hydrogen adsorption method is the best available method for determining real surface
area. It is generally assumed that each platinum atom at the surface adsorbs one
hydrogen atom and that monolayer coverage is obtained at about 0 V. The conversion
of the adsorption charge to real area is complicated by the variation of surface site
density with the crystallographic orientation of the surface and hence requires a
knowledge of the crystal faces exposed. In addition there is the problem of defining
which atoms constitute surface aroms and can be involved in chemisorption reactions.
Becanse H is the smallest adsorbant, the charge-measurement in the hydrogen region
represents the maximum surface area available. This "H-surface” may not be
completely accessible to larget species.

The charge per real cm?, associated with the adsorption of a monolayer of hydrogen on
the Jow-index planes, is 208 pC for the (100) plane, 241 uC for the (111), and 147 or
295 uC for the (110), depending on the definition of coordination atoms as "surface
atoms" (25). Generally an arbitrary value of 210 pC/ em? is employed for
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pelycristalline surfaces. When this value is used, one real cm? is defined as 1.3 x 1015
surface platinum atoms.

The surface ronghness for three different Pt-films has been tested using evaporation
rates of 1 Afs, 10 Afs and 30 Afs. By means of scanning electron microscopy no
difference in the grain size and structure could be found. To confirm this result,
voltammetry has been nsed to compare the roughness factors f, of these different Pt-
films (Fig. 5.26). The minimum ¢urrent that follows the second cathodic H peak is
used as end-point for the charge integration. Carrying out this calcnlations for each Pr-
film, values of f; between 2 and 3 arc obtained. No correlation between f; and the
deposition conditions could be found which is in agreement with the SEM
observations. Those valnes are very small compared to usnal valves found for polished
Pt-wires and show that we have a smooth surface.

1 [pA]
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Fig. 5.26: H adsorption/ desorption region (scan rate: 25 mV/s) of thin-
film Pt ¢lectrode for ronghness factor determination; f; = 2.6.
Potentials vs. SCE.

This section has shown that thin-film technology is a suitable method for realizing
planar electrochemical devices by reproducible mass fabrication. However, the control
of thin-film surface properties has o be included in the fabrication procedure to
ascertain that no Pt contamination occurs. The next section describes the use of this
electrochemical microcell as part of an enzymatic glucose sensor.
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5.3 Completion of the electrochemical cell with a8 membrane part

In this section the solid-state electrochemical sensor is combined with an immobilized
glucose oxidase membrane to yield a glucose electrode. The enzymatic membrane is
deposited on the whole sensing part of the three electrode system by chemically co-
crosslinking glucose oxidase and bovine serum albumin using glutaraldehyde. The
characterization of the enzyme electrodes is performed at this stage .

To render the glucose response less dependent on dissplved oxygen concentration, an
additional polyurethane membrane is deposited by dip-coating and the complete device
is then tested for the determination of glacose.

5.3.1 Enzymatic membrane

The enzyme is insolubilized and immobilized by chemical co-cross-linking GOD with
an inert protein (bovine serum albumin) by a bifunctional reagent (glutardialdehyde)
[26]. By crosslinking, the enzyme molecales are bound mutualy with a bifunctional
reagent, whereas by co-cross-linking also inactive molecnles (carrier proteins) are
inclosed in the polymer network (see Fig. 5.27). For this intermolecular co-cross-
linking, the two aldehyde groups react with the two aminc groups of the enzyme and
the carrier protein to form the immobilized enzyme.

H O H
N H,N -R C=N-R
|

(,: BSA
(CH, )3 + — (Cﬁz )3
C H,N-R C=N-R'
A
H/ \O GOD H

GA

Fig. 5.27: Reaction scheme of chemical co-cross-linking GOD with
albumin by glutaraldehyde.
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The density, the swelling behaviour and the mechanical stability of the resulting
membrane depend strongly on the relative ratios of involved components. A typical
procedure for application of the membrane is as follows. Glucose oxidase (50 mg/ml)
and bovine serum albumin (80 mg/ml) solutions are mixed together and then 0.1 ml of
2.5% glutaraldehyde are added. After homogenization, 5-10 pl of this mixture are
deposited on the transducer surface and left 1o polymerize for three hours at room
temperature. The resulting enzymatic layer has a good adhesion and also a good
swelling behaviour. The thickness of thus-prepared enzymatic membranes has been
measured under microscope and was about 30 jim with a rather good reproducibility.
All chemicals are obtained from Fluka. Glucose oxidase (from Aspergillus niger, 250
U/mg) as well as bovine serum albumin (fraction V) are obtained from Calbiochem.
All reagents employed are of analytical grade. The sensor characteristics are tested in
Krebs physiological solution containing 115 mM NaCl, 2.5 mM KCl, 5 mM K,;HPO,
and 0.5 mM KH,PO, (pH 7.4). No prehydration treatment is carried out before
measurements. The temperature of the sample cell (25 ml) is set to 37 °C. When not in
use the devices are stored at 4 °C in 10 mM phosphate buffer.

All electrochemical measurements are performed in the three electrode mode [27] using
an IBM Voeltammetric Analyzer or an in-house potentiostat, For glucose testing the
applied working potential for HyO, measurements is 700 mV vs. Ag / AgCl reference
electrode. The configuration of the measurement set-up is shown in Fig. 5.28.

potentiostat

recorder

thermostatic
bath

| magnetic stirer |

Fig. 5.28: Configuration of the measurement set-up.
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Following stabilization of the sensor in the test solution (abont 5 minutes), aliquots of
a stock solution of 1 M glucose are added and the sensor current output recorded. The
background current is always about 1 nA and remains stable during the use. The as-
prepared electrodes exhibit initially lower glucose sensitivity and it takes about one day
to obtain a stabilized response. A possible explanation for this initial response
evolution is the hydration of the enzymatic layer. The stabilized response is linear up to
8 mM glucose and the corresponding sensitivity is 25 + 3 nA/mM (sample size n =
30). The response time tyyq, is about 30 s. After deposition of the enzyme membrane,
sensor sensitivity variations are of = 10%, with 30 % of the devices being within

specifications.
a
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Fig. 5.20: Effect of dissolved oxygen concentration on the glncose
calibration curve in a Krebs solution (pH 7.5) saturated
with (a) air and (b) 5 % O,.

The operational stability of the sensor is defined as the time period during which the
sensitivity is constant, thus allowing the use ef a single-point calibration method. It has
been found to be two weeks for a sampling frequency of two calibration curves a day.
Obviously, the stability of the sensor depends on the manner in which it is measured.
When the sensor is tested daily for several hours at high glucose concentrations, its
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operational stability decreases to a few days. This seems to suggest that, in our case,
the sensor lifetime and stability are more critically limited by the glncose oxidase
deactivation by HyO4 (28] than by its leakage from the membrane. This is also
confirmed by the storage stzbility, which is gbout one month in 10 mM phosphate
buffer at 4 °C. The corresponding loss of sensitivity has been estimated to be 5 % per
week.

Glucose response tests have also been carried out using very small (23 ptl) sample
volumes deposited as a drop on the sensor surface. The only observed difference is the
response decrease after about one minute due to the depletion of reactants at the
interface.

The dependence of the sensor response on disselved oxygen concentration should be
minimized if the sensor is to be nsable under variable O, tensions. As is clearly shown
in Fig. 5.29, this is not the case with this device, for which the response changed
drastically on going from air to 5% O, saturated solutions,

5.3.2 Polyurethane membrone

Since the glucose sensor should be nsable under variable O, pressures (biological
fluids) the device deperdency on the cosubstrate (O, concentration) has to be
minimized, ¢.g. by coating the sensor with a palyurethane membrane. In the presence
of this hydrophobic membrane, the system becomes diffusion limited, with several
concomitant effects on its response in addition 1o that of decreased O influence, The
extension of the linear response range up to 40 mM glucose is thus accompanied by a
loss in sensitivity and also longer response times.

The deposition of reproducible polyurethane membranes is one of the most critical part
of the sensor fabricaton. This hydrophabic glncose diffusion-limiting membrane is
formed by dipping the sensor in a polyurethane solution. This solution consisis of 4-6
% (w/v) polyurethane obtained from Japan Erastran Inc., dissolved in 1/9 (v/v)
mixture of dimethylformamide (DMF) and tetrahydrofuran (THF), The solutions are
stored at 4 °C and not used for more than one week because polyurethanes are liable to
have hydrolysis reactions and THF easily evaporates. Before their nse they are stirred
at room temperature