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INCREASED SENSITIVITY OF ENZYME-BASED AMPEROMETRIC

GLUCOSE BIOSENSORS AND THEIR APPLICATION AS
TIME-TEMPERATURE INTEGRATORS

Abstract

by José Ignacio Reyes De Corcuera, Ph.D.
Washington State University
May 2004

Chair: Ralph P. Cavalieri

This dissertation concerns the development of amperometric glucose oxidase-
based biosensors using electrochemically-generated polymers as enzyme immobilization
matrices. A potential novel application of amperometric enzyme biosensors as time-
temperature integrators for food pasteurization is presented.

Chapter One gives an introduction to amperometric enzyme biosensors and time-
temperature integrators and background to supplement the four manuscripts that form the
main body of this dissertation.

Chapter Two reviews the different types of biosensors and their applications to
the food and agricultural industries (Encyclopedia of Agricultural Food and Biological
Engineering, Heldman, D. Editor. Marcel Dekker Inc. 2003 pp. 119-123).

Chapter Three describes a method for simultaneously determining film
permeability to H>O, and substrate surface area coverage of overoxidized polypyrrole
films. The effects of polymer growth potential, electrolyte concentration, monomer
concentration, glucose oxidase concentration and film thickness are discussed. (Synthetic

Metals, 2004, 142, (1-3) 71-79).
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In Chapter Four, platinum platinization conditions were improved to produce a
60-fold increase in electrode sensitivity using glucose oxidase immobilized in poly-o-
phenylenediamine. Glucose oxidase concentration was adjusted to obtain maximum
current response. Potentiostatic platinization at —100 or —50 mV resulted in mechanically
stable deposits unlike the commonly used —250 mV. Large concentrations of glucose
oxidase did not inhibit the electropolymerization of o-phenylenediamine. (Submitted in
revised form to the Journal of Electroanalytical Chemistry).

Chapter Five is a manuscript, that describes a novel exogenous time-temperature
integrator (TTI) based on an amperometric glucose oxidase biosensor. The TTI consists
of an enzyme entrapped within an electrochemically generated poly-o-phenylenediamine
(PoPD) thin film deposited on the interior wall of a platinized stainless steel capsule.
After thermal treatment, the TTI is mounted in a continuous flow system and connected
to a potentiostat for amperometric detection of residual enzyme activity. A measurement
is completed within five min of extracting the device from the heat treatment process.
(Will be submitted for publication in the Journal of Agricultural and Food Chemistry).

Diagrams of instruments built for this research, LabVIEW computer programs
and a collection of photographs of the pieces of equipment used for this research appear

in six appendices.
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DISSERTATION OUTLINE

The development and application of amperometric glucose oxidase biosensors
and their application as time-temperature integrators for food pasteurization is presented
in this dissertation. A general introduction and background, four manuscripts and
recommendations for future research form the main body of the document. Four
appendices supplement this dissertation with preliminary research on aspects not covered
in the main body of the dissertation, technical information on equipment and laboratory
procedures used during this research.

Chapter One is a general introduction in which instrumentation needs of the food
industry and the potential role of biosensors and time temperature integrators in response
to these needs are discussed. The context in which this research was carried out and a
detailed background that supplements the contents of each of the articles that form this
dissertation is also presented.

The first stage of this research dealt with learning what is a biosensor, what types
of biosensors have been developed and to decide what line of research to develop. For
that purpose a general literature review is presented in Chapter Two (Encyclopedia of
Agricultural Food and Biological Engineering, Heldman, D. Editor. Marcel Dekker Inc
pp. 119-123).

In Chapter Three, a method for simultaneous determination of film permeability
to H,O, and substrate surface area coverage of overoxidized polypyrrole is presented.

The effects of polymer growth potential, electrolyte concentration, monomer
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concentration, enzyme concentration and film thickness are discussed. (Synthetic
Metals, 2004, 142, (1-3), 71-79).

Platinum platinization conditions were improved to produce a 60-fold increase in
electrode sensitivity using glucose oxidase immobilized in poly-o-phenylenediamine.
Experimental results and a mathematical model are presented in Chapter Four (Submitted
in revised form for publication to the Journal of Electroanalytical Chemistry).

Chapter Five describes a novel exogenous time-temperature integrator (TTI)
based on an amperometric glucose oxidase biosensor. The TTI consists of the enzyme
entrapped within an electrochemically generated poly-o-phenylenediamine (PoPD) thin
film deposited on the interior wall of a platinized stainless steel capsule. (Will be
submitted for publication to the Journal of Agricultural and Food Chemistry).

Electric diagrams of instruments and circuits built for this research and a list of
their components are given in Appendix A. LabVIEW computer programs are presented
in Appendices B through E. Appendix F is a collection of photographs of the equipment
used for this research.

Ralph P. Cavalieri and Joseph R. Powers are the co-authors of the manuscripts.
Dr. Cavalieri contributed to the editing of the four manuscripts. Dr. Powers contributed to

the editing of the second, third and fourth manuscripts.
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CHAPTER ONE

INTRODUCTION, OBJECTIVES AND BACKGROUND

Introduction

Instrumentation for Food Quality

The need of healthier, safer, more convenient, competitively superior and
seasonally invariant foods along with the need of more efficient processing plants with
reduced waste production drive the development and improvement of food processes.
However, scientific data on food quality changes during processing, packaging and
distribution, is lacking mainly due to the lack of appropriate on-line instrumentation
(Rizvi et al. 1993).

While level, flow, pressure and temperature sensors for on-line implementation
are widespread; instruments for chemical analysis are scarce and often limited to pH and
conductivity and pO, and pCO; for gases. On-line optical instruments such as
refractometers, spectrophotometers, turbidity meters and color meters that may be used to
assess food composition have been developed. However, their applicability is often
limited by the presence of compounds that interfere with the measurement and that are
present in variable amounts due to variability of raw materials. Unfortunately, often the

quality of raw materials cannot be assessed and maintained.



Instrumentation for Food Safety

From a food safety perspective, it is necessary to ensure that pathogenic and
spoilage microorganisms are destroyed during food processing. Usually, thermal
treatments are used to eliminate microorganisms. Two main approaches can be used to
ensure the safety of foods. First is the assessment of microbe survival by conventional
plating methods that take up to 48 h. Some rapid methods including immunosensors are
currently being researched. Alternatively, knowing the kinetics of thermal inactivation of
a target microorganism, time and temperature are adjusted to ensure that the target
microorganism has been destroyed to an ‘acceptable’ extent. This has led to the not
uncommon practice of ‘over-processing’ foods to the detriment of other quality attributes
such as texture, flavor and nutritional value. Also, this approach requires recording the
time-temperature history at the coldest location (cold spot) of the product. In processes
where traditional instrumentation, like thermocouples or resistance temperature detectors
(RTDs) cannot be implemented because of mechanical or cost impediments, alternative

means of measuring the time-temperature history are needed.

Biosensors in Food Analysis

Through thousands of years of evolution, living organisms have developed means
of detecting and controlling the concentration of numerous compounds in complex
mixtures in living organisms. Antibodies and enzymes are probably the best-known
examples of natural sensing and controlling ‘devices’. The ability to isolate and purify
these proteins and other biological elements such as cells or organelles has allowed their

integration with physicochemical transduction devices to produce biosensors. Biosensors



are defined as: ‘a self-contained analytical device that incorporates a biologically active
material in intimate contact with an appropriate transduction element for the purpose of
detecting (reversibly and selectively) the concentration or activity of chemical species in
any type of sample’(Arnold and Meyerhoff, 1988). Figure 1 shows a general schematic

representation of a biosensor.

INDICATOR TRANSDUCER i
ELEMENT

ANALYTE (@)
OTHER (O, A)

Figure 1. General schematic representation of a biosensor

The first biosensor, an enzyme-based glucose sensor, was developed by Clark and
Lyons (Clark and Lyons, 1962). Since then, hundreds of biosensors have been developed

in many research laboratories around the world. Figure 2 shows the number of
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Figure 2. Number of publications with keyword ‘biosensor’ as reported by (6) OCLC
Article First and (+) Elsevier Science Direct journal article databases.
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publications provided by Online Computer Library Center Inc. (OCLC) Article First and

Elsevier’s Science Direct databases when the word ‘biosensor’ is entered as keyword.
This figure shows a steady growth of the number of publications for the last thirteen
years. It is surprising that very few biosensors have been commercialized in spite of the
number of publications. This derives probably from the small number of analytes that
have been extensively studied, that is, glucose, urea, lactate and alcohol. Many other
analytes have been investigated to a limited extent, but apparently have not reached the
commercial development. A major aspect in the commercialization of biosensors is of
course the market. Medical diagnosis is the strongest driving force; hence, most of the
efforts and funding are in this area. The enormous number of food components that
determine their quality attributes and that are in complex mixtures make biosensors
potential tools for monitoring such components during food processing and storage.
However, relatively few biosensors for food applications are being developed. In a short
review of the potential applications of biosensors to food quality control, Despande and
Rocco (1994) pointed out that the potential applications of amperometric and
potentiometric biosensors included the measurement of amino acids, amines, amides,
heterocyclic compounds, carbohydrates, carboxylic acids, gases, cofactors, inorganic
ions, alcohols and phenols. Typical analytes measured in the food industry are listed in
Table 1 (modified from Scott (1998)). In that review no commercially available biosensor
is mentioned. Table 2 lists the biosensors that have been researched for applications in
the food industry. Figure 3 shows the number of publications provided by the OCLC
Article First and Elsevier Science Direct databases when the keywords ‘biosensor and

food’ and were used. On average, only 3.5% of the research carried out on



Table 1. Analytes that need to be detected in the food industry

Analyte Foods Typical Analytical Method
Acidity Beverages, fruit, vegetables Titration, pH meter
Alcohol Beverages
Antibiotics Dairy, meat HPLC, Microbial plate, Inmunoassay
Color Beverages, fish, fruit, meat, vegetables Spectroscopy, Colorimetry
Fat type Dairy, fish, meat, nuts Extraction, Gravimetric techniques
Fatty Acids Dairy, fish, meat, nuts, vegetables GC, HPLC
Flavors Beverages, cereal, dairy, fish, fruit, meat, GC, HPLC
vegetables
Hormones Dairy, meat HPLC, Immunoassay

Microbial Species
Bacteria & fungi

Minerals

Pesticides

Preservatives

Protein

Sugars and
Sweeteners

Toxins
- aflatoxins

Vitamins
- vitamin A
- vitamin B
- vitamin C
- vitamin D
- vitamin K

Water/
Moisture

Beverages, cereal, dairy, fish, fruit, meat,
nuts, vegetables

Beverages, cereal, dairy, fish, fruit, meat,
nuts, vegetables

Beverages, cereal, dairy, fish, fruit, meat,
nuts, vegetables

Beverages, cereal, dairy, fish, fruit, meat,
nuts, vegetables

cereal, dairy, fish, fruit, meat, nuts,
vegetables

Beverages, cereal, dairy, fruit, vegetables

Beverages, cereal, dairy, fish, fruit, meat,
nuts, vegetables

Beverages, cereal, dairy, fish, fruit, meat,
nuts, vegetables

Beverages, cereal, dairy, fish, fruit, meat,
nuts, vegetables

Plate techniques Immunoassay

Combustion, AAS, ICPMR, NAA,
AES, X-ray fluorescence

GC, GC-MS, HPLC

Spectroscopy, HPLC

Kjehldal digestion

Spectroscopy Refractometry
HPLC, GC

HPLC
Immunoassay

Spectroscopy
HPLC
Microbial plate
Immunoassay

Oven drying

Karl Fisher titration
Refractometry
NMR

NIR




Table 2. Enzyme biosensors that have been researched for food applications (modified
from (Warsinke et al. 1998))

Analyte Food Enzyme Linear Range (mM)
Glucose/ Beverages IN/GOD 0.2-2.8
Sucrose 0.5-7.0
Glutamate Seasonings GLOD 0.001-1.0
Ethanol Beer, wine AOD 0.001-0.8
ADH 1.0-100
Isocitrate Fermentation broth ICDH/POD 0.1-2.0
Lactose Milk B-GAL/POD 0.002-3.0
Putrescine Fish Putrescine oxidase 0.03-3.0 (uM)
Spermidine Fish Putrescine oxidase
Cadaverine Fish Putrescine oxidase
gluconolactone  Fermentation broth GDH/GOD 0.02-1.0
Fatty acids Oils LOX 0.1-1.2
Acetic acid Vinegar AK/PK/LDH 10.80
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Figure 3. Number of publications with keywords ‘biosensor’ and ‘food’ as reported by
(6) OCLC Article First and (+) Elsevier Science Direct journal article databases.

Still, the availability of commercial biosensors is well below the potential they seem to
the food industry (Scott, 1998).



biosensors focused on foods. From an economic perspective, this can be explained by
the relatively small market for these instruments in the food industry as compared to

medical diagnosis market.

The difficulty of developing biosensors starts with the selection of the sensing
element, which has to be sensitive, reversible and selective to the analyte. Once a sensing
element is selected, the development of a biosensor requires increasing the stability of the
biological sensing element taking into account its unique requirements. This occurs
because the rate of degradation of enzymes and antibodies increases with temperature and
in very high or very low pH environments. Also, while protein structure provides
selectivity, reversibility and sensitivity, it also makes it difficult to develop a single
technology for biosensor fabrication. That is, effective immobilization of the biological
component while retaining activity depends on the biological component and on the
environment to which it will be exposed. Furthermore, selection of the method of
transduction depends on the type of physical or chemical change that the immobilized
sensing element can produce. Other challenges in the commercial development of
biosensors for on-line monitoring and control of food processes include the ability to
sterilize, interferences by other food components, miniaturization and poor fabrication
reproducibility caused by variability in biological elements as raw materials (Despande
and Rocco, 1994). Because of the short operational life of the biological sensing element,
two strategies have been adopted. The first deals with stabilization of the sensing element
by chemical and physical means. The second is based on reducing the costs of fabrication
to produce disposable sensors that are commercially viable. In biomedical applications

the latter is being used while on-line processing industry requirements may not allow



frequent replacement. For industrial food applications the two main challenges are to
produce ‘dipstick-type’ electrodes for batch measurements in the quality assurance
laboratory and on-line sensors that allow direct sensing and rapid feedback for the control

of processes.

Time-Temperature Integrators in Food Processing

In view of the need for assessing the quality of thermally processed foods in
industry, there have been three main approaches: 1) The in situ method, which measures
a quality attribute of the food before and/or after the process (e.g. enzyme activity to
assess blanching of vegetables). 2) The physical-mathematical approach, which uses the
temperature history of the product or its surroundings along with known kinetics of the
change of a target quality attribute, to calculate the extent of that change. 3) Product
history integrators defined as 'a small device that shows a time temperature dependent,
easily, accurately and precisely measurable irreversible change that mimics the changes
of a target quality parameter undergoing the same variable temperature exposure'. When
considering only temperature changes with respect to time, product history integrators are
called time-temperature integrators (TTI) (Hendrickx et al. 1994). Extrinsic and intrinsic
TTIs from different origins (microbiological, enzymatic, chemical and physical) have
been compared (Haentjens et al. 1998). Enzymatic TTIs offer the advantage of being
relatively easy to assay, low cost and the thermal resistance of some enzymes to
denaturation or loss of activity is similar to the thermal resistance of some pathogens.
Furthermore, the thermal resistance of enzymes can be modified (though to a limited

extent) and can be determined. a-amylase is probably the best known enzyme-based TTI.
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(Van Loey et al. 1996). To effectively assess the temperature history at given point in

any king of food extrinsic, isolated TTIs are the best option because they their thermal
properties can be well characterized, they are isolated from chemical effects of food
components, and can be placed at any desired location in the food. However, heat transfer
between the food and the TTI must be maximized to minimize heating transient phase.
Different types of encapsulation have been tried. Depending on the nature of the TTI,
(liquid, powder or gel) two main problems may arise. First, temperature gradients inside
the capsule may exist and be variable due to different degrees of ‘packing’. Second, a
part of the TTI may adhere to the surface of the capsule, making its recovery difficult for

rapid assay.

Context and rationale of this research

In response to the food industry’s needs, several research projects have been
carried out through the collaboration of the Departments of Biological Systems
Engineering and Food Science and Human Nutrition at Washington State University.
These projects embrace mainly alternative technologies for industrial food processing
such as microwave and radio frequency processes or non-thermal processes like high
hydrostatic pressure or pulsed electric fields. Improvement of existing technologies and
implementation of emerging technologies require adequate instrumentation for process
control. This need led to several research projects that include, for example, the
development of texture analyzers and enzyme activity sensors.

This project belongs to the area of instrumentation research. Being the first

project in biosensors in the department, the first stage of this research dealt with learning
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what is a biosensor, what types of biosensors have been developed and, after selecting

an area of research, a very large amount of work was devoted to the development of
infrastructure, that is, to equipping a laboratory and learning and developing experimental
techniques from scratch. Therefore, the sequence and rationale for each of the
manuscripts that constitute this dissertation derives not only from an initial set of
objectives but also from the needs encountered and knowledge acquired as the project
progressed. Figure 4 shows the decision tree that was followed and it is complemented by
Table 3 that summarizes the general rationale for the decisions taken at the major steps of
this project. I decided to work with amperometric enzyme biosensors because many
enzymes produce or consume electroactive species that can be electrochemically detected
and the sensitivity of such sensors can be increased by adjusting the potential. In addition

I had some experience in enzyme activity sensors and electrochemistry.

\l/ Transducer \L Sfenr::ngt\l/ Immobilization \L Application \L

Adsorption

Behind/between
membranes

’ Amperometric M Enzyme Entrapment Gel

Electrochemically N Time-Temperature
generated polymer Integrator

Single
Multipoint

Potentiometric

BIOSENOSORS

Covalent

Figure 4. Decision tree for this research
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From the literature review (Chapter Two), it appeared that fabrication of an enzyme

biosensor using enzyme immobilization in electrochemically-generated polymers seemed

the most promising technology because of the apparent simplicity of fabrication that

involves a one step potentiostatic electropolymerization that results in films with

controllable thickness with enzyme uniformly distributed and with permselective

Table 3. General rationale behind and output from the focus that was given to this

research
. Immobilization Matrix
. Transducer Sensing L
Topic Application
element
Group Type Group Type
Electrochemically Time-temperaturc
Focus/Decision Biosensors Electrochemical| Amperometric| Enzymes | Entrapment generated . p
integrator
polymers
. . Most Experience One step, uniform Indust_rlql Need
. . Experience in . . Good enzyme Original
Rationale Industrial need . compatible |with enzyme . enzyme LS
electrochemistry| - retention RS application for an
with enzymes assays distribution .
enzyme biosensor]|
Output Chapter two Chapter four Chapter three Chapter five

properties that allow the rejection of interfering species. Polypyrrole and glucose oxidase

were chosen for the first study (Chapter Three) because they are the most commonly used

electropolymer-enzyme system. From this study we found that the use of polypyrrole has

several drawbacks. Polypyrrole conductivity changes over time at potentials used for the

detection of H,O, produced by glucose oxidase. Therefore, it needs to be overoxidized to

eliminate its electrical conductivity and work as an immobilization matrix only.

Overoxidation requires time, and modifies the backbone and side chains of the polymer,

which frequently results in detachment from the platinum electrode. In addition,

nucleation is critical in the formation of polypyrrole films. Polypyrrole nucleation and

growth is very irreproducible. Also, the presence of enzyme inhibits polypyrrole

polymerization; therefore enzyme concentration cannot be large which results in
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biosensors with low sensitivity. This directed the research to a different polymer and to
focus on means of increasing the sensitivity of amperometric biosensors.

Poly-o-phenylenediamine (PoPD) was chosen because it is a non-conducting
polymer that forms thin films upon electrochemical polymerization. Platinization has
been used to increase the surface area of platinum electrodes, which results in an increase
in sensor sensitivity to HO,. However, the literature reports that increases in sensitivity
are very small compared to the increase in electrode electrochemical surface area.
Therefore, the next set of experiments dealt with improving platinization conditions and
combining them with the use of PoPD as an immobilization matrix for GOD (Chapter
Four).

Some enzymes have rates of thermal inactivation that are similar to those of
microorganisms and have been used to make time-temperature integrators for assessment
of the efficacy of thermal processing of foods. To the best of my knowledge, there is no
commercial enzyme-based TTI. However, some TTIs have been developed using mainly
a-amylases and peroxidase. While I was studying the thermal stability of GOD to look
for means of stabilizing it and hence extending GOD biosensor operational life, I realized
that its thermal stability was similar to that of peroxidase, which makes it a potential TTI
candidate. In addition, assessing the activity of TTIs is either expensive or time
consuming. Therefore, I hypothesized that biosensor technology could be applied to the
development of rapid and inexpensive TTIs (Chapter Five).

This research remained focused on the hypothesis that the stability and sensitivity
of enzymatic amperometric biosensors could be improved through use of electrically

conducting polymers as an immobilization medium. As this research progressed,
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anticipated and unanticipated technical and fundamental challenges were encountered.
Through the objectives stated below, I pursued those challenges dealing with the increase
of sensitivity that seemed necessary to gain as much understanding as possible of an
already existing but not fully developed technology, to fill some scientific and
engineering voids that I found in the literature and to advance biosensor research in the

Department of Biological Systems Engineering.

Objectives

1. To review the biosensor literature and select an area of research.

2. To investigate the effect of fabrication conditions on electrode’s
response in terms of film permeability and electrode surface area
coverage by studying the polypyrrole-glucose oxidase system

3. To increase the sensitivity of glucose oxidase amperometric biosensors
through improved platinization conditions and the use of
electrochemically generated poly-o-phenylenediamine as
immobilization matrix.

4. To apply amperometric biosensor technology to the development of

rapid and inexpensive time-temperature integrators
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Background

Enzyme immobilization

The most common methods for enzyme immobilization are physical adsorption,
covaent attachment, cross-linking and entrapment (see Figure 5).
Physical adsorption

Physical adsorption (Figure 5a) results from hydrophobic, hydrophilic or ionic
interactions between the protein and a solid surface. It was the first immobilization
method ever used in the fabrication of a biosensor (Clark and Lyons, 1962). The most
commonly used supports for enzyme adsorption are silica, cellulose acetate membranes,
PV C and polystyrene (Taylor, 1996). There is evidence that physical adsorption of
enzymes may stabilize their activity (Zoungrana et al. 1997). However, this type of
immobilization alone leads to enzyme leakage especially with changes of pH and
temperature. Therefore, adsorption is frequently used in combination with other
immobilization techniques. Adsorption often spontaneously occurs when an enzyme in
solution is exposed to a solid phase that may be an insoluble monomer prior to

polymerization, a polymer, colloidal metal particles etc.

Methods of Immobilization

Entrapment

Simple covalent Intermolecular
Adsorption

binding Cross-linking Matrix (sandwich)

in polymer or gel | behind amembrane

TRANSDUCER | TRANSDUCER | | TRANSDUCER | URANEDUCIER TRANEDIUCIER
e0ee006 | P9le || ©g©@©

@ (b) (© (d)

Figure 1. Schematic representation of different methods of enzyme immobilization
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Covalent binding

Single covalent attachment

Covalent binding solves the problem of enzyme leakage but often results in loss
of enzyme activity because covalent attachment often takes place under conditions that
denature enzymes. However, covalently immobilized enzymes sometimes show greater
resistance to pH and temperature variations (Taylor, 1996). Covalent binding has been
widely used for immobilization of antibodies and to lesser extent for the immobilization
of enzymes. In most instances covalent attachment of enzymes to solid supports (Figure 5
b) has been performed through activation of enzyme carboxylic side chains with a
carbodiimide followed by condensation with a derivatized surface containing amino
groups. In other cases activation of carboxylic derivatized surface with a carbodiimide
followed by condensation with amino groups of the enzyme’s side chains has been used
(see Figure 6). (Schuhmann, 1991; Wolowacz et al. 1992; Divya et al. 1998).

Multiple covalent attachment

Intermolecular cross-linking

Intermolecular cross-linking (Figure 5c) has been widely used in the
immobilization of enzyme for use in biosensors (Divya et al. 1998). Most of the time
intermolecular crosslinking results in activity loss. Furthermore, due to its random
mechanism and fast reaction rate it is difficult to obtain reproducible sensors. However
indirect (through a dried gelatin layer), mild cross-linking with glutaraldehyde used in

combination with other immobilization techniques has resulted in sensors with increased
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Figure 6. Covalent binding of an enzyme to a solid support through carbodiimide
condensation.

stability (Khan and Wernet, 1997). The most commonly used crosslinking agent is
glutaraldehyde whose aldehyde groups react with amine groups from protein’s side

chains as depicted in Figure 7.

Enzyme 1 FNH, + O=CH-(CH;);-CH=0 + NH,-{ Enzyme 2

. Enzyme 1 N=CH-(CH;);-CH=N- Enzyme 2 |+ 2H,O

Figure 7. Intermolecular cross-linking with glutaraldehyde.

Intramolecular cross-linking

Intramolecular cross-linking for enzyme stabilization has been demonstrated
using bifunctional reagents (Fernandez-Lafuente et al. 1995) or a poly(glutaraldehyde-
like) molecules (Fernandez-Lafuente et al. 1993). Covalent bonds result from the

reaction between aldehyde groups of the cross-linker and amine groups of the same
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protein. Multipoint covalent attachment has been reported using soluble

polysaccharides (Lenders and Crichton, 1984) or solid agarose gel supports (Guisan,
1988). Multiple covalent bonds result in reinforced quaternary and tertiary protein
structure (Fernandez-Lafuente et al. 1993) providing stabilization of up to 30,000-fold
compared to enzyme in solution for a thermophilic esterase (Ferndndez-Lafuente et al.
1995). The main drawback of these techniques is that they cause loss of enzyme activity.
These methods have not been tried with glucose oxidase or lactose oxidase. To the best of
our knowledge intramolecular multipoint covalent attachment has not been reported for

use in biosensors, nor has it been combined with electrochemical polymerization.

Entrapment

Between membranes

Enzymes have been entrapped by several methods. The first was between two
semipermeable membranes (Figure 5e). This method of entrapment does not stabilize the
enzyme. At best, it prevents enzyme leakage and decreases the flux of inhibitors or
interfering compounds. Membranes are widely used for the latter purpose in most of the
commercial electrochemical enzyme biosensors.

Self-assembled layers

Several enzymes and other proteins occur in natural bilipid membranes (BLMs)
that are very thin and have been used for the fabrication of electrochemical biosensors.
An advantage of BLMs is that ferrocene has been incorporated as a mediator. Other
mediators may be incorporated too. Alcohol dehydrogenase was immobilized with stearic

acid and the monolayer transferred onto a polypyrrole coated glass electrode (Pal et al.
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1994). Glucose oxidase and monoamine oxidase both stabilized in amphiphilic
polyelectrolytes have been immobilized using the Langmuir Blodgett technique
(Eremenko et al. 1995). Another BLM sensor was used glucose oxidse immobilized in 3-
mercaptopropionic acid using carbodiimide coupling, as demonstrated by Gooding et al.
(1998). The electrochemistry of bilayer lipid membranes was reviewed by Tien et al.
(1997). Self-assembled layers are reported to be more sensitive than electrodes made with
other immobilization techniques. However, self-assembled layers are in general unstable
and their use is limited to research with little if any possibility of resulting in stable
biosensors (Taylor, 1996). Therefore, their application may be limited to disposable
sensors or to well controlled measuring conditions.

Sol-gel technique

Sol-gel techniques have also been used to immobilize enzymes for biosensor
applications. While these techniques provide an environment similar to that of the
enzyme in solution and the resulting sols are ideal for optical transduction, this technique
has two main limitations. First, the properties of the sol, namely volume and pore size,
change as condensation reaction continues. Second, once the sol is dry and stable, the
pore size is so small that the enzyme reaction is limited by diffusion (Bakul et al. 1994).
To overcome these limitations, thin films have been tried (Wang et al. 1999); but these
films easily crack. To prevent cracking and swelling of the hydrogel, organic-inorganic
hybrid materials are being investigated (Guo and Dong, 1997, Wang et al. 1998, and Li et
al. 1998). Most studies on enzyme entrapment and in particular entrapment in polymers
deal mainly with increasing sensitivity and measuring range and decreasing response

time and detection (Liu et al. 1998; Zhu et al. 2000). This has been approached by
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increasing active enzyme concentration and retention in the immobilization matrix and
reducing thickness. While electrostatic interactions between conducting polymers and
enzymes may have stabilization effects, these have not been studied in depth nor have
they been used as a strategy for enzyme stabilization. No extended operational life
appears to derive from these techniques.

Polymerization

Entrapment can also be achieved by polymerization in a monomer-enzyme
solution (Figure 5d). Depending on the type of polymer, polymerization can be driven
chemically, electrically (electropolymerization) or by light (photopolymerization). The
most frequently used polymerization technique in electrochemical biosensor fabrication
is electropolymerization (Bartlett and Cooper, 1993; Trojanowicz et al. 1995; Cosnier,
1999). The most common monomers used for electrochemical polymerization are
pyrrole, aniline and o-phenylenediamine (see Figure §) but several other have been tried.
Electropolymerization allows the accurate control of the polymer’s growth and hence the
thickness of the enzyme containing film that builds on the surface of the electrode.

Electropolymerization also has the potential for use in co-immobilization of several

NH2 NHZ
N

W/

Pyrrole Aniline o-phenylenediamine

NH,

Figure 8. Most commonly used monomers for electrochemical polymerization

enzymes (Liu et al. 1998), in segregated layers with multiple enzymes
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and in the fabrication of microsensors and arrays of microsensors (Bartlett and

Cooper, 1993; Trojanowicz et al. 1995). There is evidence of direct electron transfer
between the immobilized enzyme and conducting electropolymers (Cosnier, 1999).
Polymer films may also work as a barrier against electrochemically interfering substances
such as ascorbate (Palmisano et al. 1995; Coche-Guerente et al. 1995). Ultra-thin
polypyrrole films grown from supporting electrolyte free solutions have been studied
recently (Adeljou and Moline, 2001). Finally, redox mediators have been polymerized
and have been shown to work as both enzyme hosts and charge mediators (Yang et al.
1998). Several studies have been published in the polymerization of pyrrole and its
derivatives focusing in particular on solvent (Miras et al. 1991; Miras et al. 1991;
Masuda and Kaeriyama, 1995; Sagak et al. 1997; Fusalba and Bélanger, 1999), metal
support (Sacak et al. 1997; Su and Iroh, 1997), anions (Vork et al. 1990; Li, 1997),
electrochemical parameters (Wang et al. 1989) and their electroanalytical (Holdcroft and
Funt, 1988), optical, electrical (Aguilar-Hernandez and Potje-Kamloth, 1999),
conductance (Kankare and Kupila, 1992), thermoplastic, elastic (Wernet, 1991; Yamato
et al. 1993) and morphological (Everson and Helms, 1991) properties. Incorporation of
enzymes (mainly glucose oxidase) in such polymers has been addressed (Foulds and
Lowe, 1986; Umana and Waller, 1986). The effects of enzyme concentration (Shin and
Kim, 1995; Shin and Kim, 1996a), monomer type (Coche-Guerente et al. 1995) and
concentration, ion nature and concentration (Mu and Jinquing, 1995) and buffer (Pei and
Qian, 1992) on the electrochemical response to the analyte of interest (Bélanger et al.
1989) have been determined. However, the interaction of enzyme and monomer

concentrations has not been investigated. Physical properties of the immobilization



22

matrix such as permeability (Hdmmerle et al. 1992) and film thickness (Almeida et al.
1993; Shin and Kim, 1995) have been addressed but have not been correlated to the
electropolymerization conditions. Most studies use electrode geometric surface area
instead of the electrochemical surface area, which leads to errors in the interpretation of
sensor reproducibility. Also, the decrease in effective surface area for electrochemical
detection with polymer growth has not been addressed. Therefore, the confounded effects
of diffusion and surface coverage cannot be separated, leading to inaccuracies in the
interpretation of the electrochemical response of such electrodes. While some models
exist that describe the steady state (Gough et al., 1982; Leypoldt and Gough, 1984;
Bartlett and Whitaker, 1987a; Bartlett and Whitaker, 1987b; Lyons et al. 1991;
Marchesiello and Genies, 1993; Gros and Bergel, 1995) or dynamic behavior (Bergel and
Comtat Maurice, 1984; Tse and Gough, 1987; Lucisano and Gough, 1988; Bacha et al.
1993) of enzyme-based electrochemical biosensors, there is a lack of information to
predict the parameters needed by such models. Also there are very few published studies
on sensor optimization (Fortier et al. 1990; Adeloju et al. 1993; Shin and Kim, 1996b;
Lin and Guthrie, 1998) most of which are not rigorous. Finally, multilayer electrodes
have shown improved response and storage life (Trojanowicz et al. 1995) but no
mathematical model incorporating multilayers has been published for optimization of
such electrodes.

Combination of immobilization techniques has been used. An important increase
of thermostability of enzymes covalently attached to monomers and followed by
chemical copolymerization was demonstrated (Martinek et al. 1977). Adsorption has

been combined with almost all other immobilization techniques. Electrodeposition has
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been combined with cross-linking (Stonehuerner et al. 1992; Crumbliss et al. 1992)

and covalent attachment has been combined with self-assembled monolayers (Gooding et
al. 1998). However, only three studies have been published by one research group on
multipoint covalent attachment combined with electrochemical polymerization
(Wolowacz et al. 1992; Yon-Hin B.F.Y. et al. 1993; Yon Hin and Lowe, 1994) and
increased enzyme stability was reported. Variations on this strategy offer the potential for
large increase in enzyme stability. Furthermore, this strategy needs to be combined with

others to obtain good reproducibility and higher sensitivity.

Electrode Platinization
Platinization

Electrochemical platinization of platinum is commonly done to increase the
catalytic surface area of platinum electrodes. Platinum platinization dates from the late
19" century. In early works platinization was carried out mostly from chloroplatinic acid
and focused on bath composition. Lead acetate was identified as a grain growth inhibitor
and it is still commonly used. In the early 1960s, with the development of operational
amplifiers and potentiostats, quantitative electrochemical experiments became possible.
One of the first reviews on platinum platinization (Feltham and Spiro, 1971) discusses
these early works and effects of electrodeposition conditions on deposit appearance,
deposit growth, surface area and reproducibility. The effects of substrate preparation and
platinization conditions on adhesion are also discussed. Platinization from solutions
containing 0.072 M (3.5%) chloroplatinic acid, 1.3 x 10 M (0.005%) lead acetate at

current density of 30 mA.cm™ for up to 10 min was recommended for electrodes to be
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used in conductance or electrocatalysis work. Potentiostatic deposition at 50 mV vs.
normal hydrogen electrode (NHE) from 0.041 M (2%) chloroplatinic acid, 1 M HCI
solution was recommended whenever platinized electrodes were to be used for analytical
applications (Feltham and Spiro, 1971). Literature on platinization during the 1970s and
early 1980s is rather scarce probably because several patents dealing with platinum bath
composition were issued during the late 1960s. Two more recent short reviews discuss
different platinization baths and deposition conditions (Baumgértner and Raub, 1988;
Hadian and Gabe, 2001). In general, platinization baths can be separated into those
containing the divalent platinum and those containing the tetravalent form. Most
platinization baths are acidic but some alkaline baths have also been developed (Le
Penven et al. 1992; Basirun and Pletcher, 1998; Djokic, 2000). Table 4 shows some
reported platinization baths and platinization conditions. There are few experimental
studies comparing platinization baths (Pushpavanam and Natarajan, 1988; Hadian and
Gabe, 2001). Comparing reports from different sources is difficult because substrates,
substrate pretreatments, and analyses are different. Except for dinitrosulphatoplatinous
acid that can be used at or near room temperature, temperatures above 70 °C are
recommended for all other baths to produce strong, adherent deposits. Gas evolution can
cause non-uniformities in platinum deposits so bath formulation and deposition potential
should be controlled to prevent it. Agitation and vertical orientation of the surface to plate

can mitigate the effects of gas evolution.
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Current
Platinum salt and Slgcl::olyte Temperature ?anlt}',z)
. -dm™) or
coT?ntratlon Other electrolyte concentration | (°C) Potential Reference
(eL?) (gL (mV vs.
Ag/AgCl)
H,(PtCly) HCI
10-50 180-300 45-90 2.5-3.5
Na3C6H507.2H20 80-90
(NH,4)PtClg 100
15 NH,CI 4.5 0.5-1.0
Pt(NH;),(NO,), NH,NO, 100
8-16.5 NaNo, 10 90-95 0320
6-20 H;PO, 10-100 75-100 0.5-3.0 (Baumgirtner
H,S0, 10-100 and Raub
Ifépt(NOz)zSO“ HaS804 pH 2.0 30-70 25 1988) and
references there
IZ\ISZ(Pt(OH)é)QHZO NaOH 10 75 0.8 i
Eé(Pt(OH)") KOH 15 75 0.75
2K(§(P (OH)s) KaS04 40 40 0.3-1.0
NH4Cl1 20-25
l;tSCL“S H0 (NH,),HPO, 20 70-90 0.3-1.0
’ NazHPO4 100
Hth(NOz)zSO4 pH 1.8 Ambient (20- 0.5-1.0
5 25)
NH4NO; 100
PUNH:)(NO222 | NaNo, 10 65-70 1.5-2.0 (Pushpavanam
10 and Natarajan,
NH, to pH 7.5
KOH 1988)
SaPHOmo) Na,C:0, o 70 1.0-1.5
Nast4
Pt(NH3),HPO, Na,HPO, 28 mM (pH 80-93 0.64 (Le Penven et
26 mM 10-11) ) al. 1992)
Pt(NO,)(H,0);" KNO, 42 mM 2070 0.1-15 (Levason et al.
6 (Pt basis) CH;SOsH 1.5M U 1998)
Phosphate Buffer | 30 mM (Basirun and
Pt(NH;),HPO, pH 10.4 93 -700 mV Pletcher, 1998)
P
lgt(OH)ﬁ KOH 20 60-70 <600mV | (Djokic, 2000)
NH,;NO; 100
NaNO, 10
ONHRNO2: | Nm0n 50 mL/L 84-8 025
’ Na2HPO4 85-213 (Hadian and
(NH,),HPO, 40-158 Gabe, 2001)
NaOH 5.6
DoePUOm 20 |, .0, 5.6 80 0.75
Na2804 33.7
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Platinization for amperometric biosensors

Most amperometric enzyme biosensors have been fabricated using polished
platinum or graphite (glassy carbon) electrodes. However, to increase sensitivity, in
particular for the fabrication of microelectrodes, platinum and other electrodes have been
platinized (Zhang et al. 1996; Kim and Oh, 1996). In all cases chloroplatinic acid
solutions at concentrations from 0.1% to 5% were used and in most cases platinization
was carried out under potentiostatic conditions at typically -150 mV or more negative
potentials. Temperature of platinization was not mentioned in these publications. The
effect of potential on roughness of platinum deposits for fabrication of glucose biosensors
has been reported (Kim and Oh, 1996) but enzyme was immobilized by crosslinking with
BSA and glutaraldehyde. Galvanostatic platinization (Castner and Wingard, 1984; Kell
and Davey, 1990) and platinization using potential cycling (Schuhmann, 1998) have also
been reported. However studies on the effect of platinization conditions on biosensor
response are scarce. To the best of our knowledge there has been no study on the effect of
platinization potential on the response of amperometric biosensors based on enzyme
immobilization in electrochemically-generated polymers. We carried out preliminary
platinization experiments using 2 mM chloroplatinic acid 1 mM lead acetate and 0.1 M
KCl at 250 mV vs. Ag/AgCl. Deposits were brittle and easily wiped off the platinum
substrate.

Other recent applications of electrodeposition of platinum include surface-

enhanced infrared absorption of CO (Bjerke et al. 1999), non-enzymatic detection of
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glucose (Park et al. 2003) and fabrication of hydrogen peroxide sensors (Evans et al.

2002).

Stainless steel electroplating

The last objective of this dissertation deals with the application of biosensor
technology to the fabrication of time-temperature integrators (TTIs). While further
background on TTIs will be given in the next section, one of the preparation steps of the
reported TTI (see Chapter Five) involves platinization of a stainless steel tube.
Immobilization of glucose oxidase in PoPD electropolymerized directly on 316 stainless
steel was attempted. However, o-phenylenediamine polymerizes at potentials greater than
400 mV vs. Ag/AgCl. Under these conditions, stainless steel oxidized and it was not
possible to form an adherent polymer film. A recent study on the electrochemistry of
some stainless steels provides information on the passivation and potentials at which
stainless steel remains inert (Tomov and Tsoneva, 2000). Therefore, a platinization step
was implemented in the procedure. There are few reports on stainless steel electroplating
because in most cases plating is used to prevent corrosion and stainless steel is relatively
inert. However, plating chromium on stainless steel is a very common practice in the
manufacture of silverware. A standard practice for electroplating stainless steel gives
general guidelines but needs to be adapted in function of the metal to plate (ASTM B
254, 1992). Another other study of platinization on different materials even discards
stainless steel as a suitable substrate (Stoychev et al. 2001). Stainless steel activation is
required to remove passive metal oxides that cause weak adhesion of deposits. Activation

may consist of immersion in hot (50 °C to 70 °C) concentrated solutions of sulfuric and
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hydrochloric acids. A nickel intermediate deposit (nickel strike) is also recommended
to enhance adhesion (Wood, 1938; Dini, 1996). Platinic acid solutions in HCI are usually
very acidic and therefore not recommended for non-noble substrates, therefore, alkaline

platinization baths have been used for platinization of stainless steel (Djokic, 2000).

Time-temperature integrators

Assessment of the temperature history is necessary to ensure microbial
inactivation during food processing or to ensure that the cold chain has not been broken
during cold storage of fresh and minimally processed foods. It is not always possible or
cost effective to instrument food processes with conventional temperature devices such as
thermocouples or resistance temperature devices. Also, it is not possible to install
temperature-recording devices in all packages of refrigerated foods. Therefore,
alternative devices called time-temperature integrators (TTIs) have been developed. TTIs
can be defined as small devices that show a time-temperature dependent, easily and
precisely measurable irreversible change that accurately mimics the changes of a target
quality attribute undergoing the same variable temperature exposure (Hendrickx et al.
1995).

TTIs for cold storage have been reviewed (Labuza et al. 1992). Some recent
publications are available (Taoukis Petros et al. 1999; Giannakourou and Taoukis, 2003).
Commercial devices have been developed but no further discussion on TTIs for
refrigerated foods is given here because this research deals with TTIs for assessment of

thermal processing.
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Since the early 1920s, studies on the kinetics of thermal inactivation of
microorganisms were carried out to establish endpoint of heat processes for food
preservation, in particular canning. This approach, called physical-mathematical method,
has been the subject of continuous research and has been recently reviewed (Stoforos et
al. 1997). The physical-mathematical method has been commonly used in the food
industry and has proved effective. However, variation in processing parameters and the
existence of irreproducible temperature gradients (Smout et al. 2000) forces processors
to over expose food to heat to the detriment of other quality attributes such as texture and
flavor. Furthermore, over-processing does not obviate the need of microbial tests that are
time consuming and hence do not allow rapid feedback for process control. To overcome
the limitations of this approach TTIs have been developed and are the subject of current
research. Some reviews on TTIs have been published (Hendrickx et al. 1995; Van Loey
etal. 1996a; Van Loey et al. 1996b). TTIs have been classified according to their
working principle: biological, chemical or physical; their origin: intrinsic (already present
in the system) or extrinsic (added to the system); their form of application: dispersion,
permeable or isolated. Depending on the number of components, TTIs can show single or
multiple responses (Stoforos and Taoukis Petros, 1998). Depending on the way TTIs are
applied, they can represent a single point of the process or an average. While in principle
TTIs are meant to mimic ‘any’ quality attribute, most of research has focused on
microbial inactivation because safety is the main concern for consumers and food
processors. The majority of researched TTIs use a biological component. Non-pathogenic
microorganisms have been used but assessing their survival requires tedious plate

counting offering little advantage to the food processor. Conversely enzymes can be
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assayed rapidly and some have thermal inactivation kinetics very close to pathogens of
interest. Enzymes used as TTIs include -galactosidase, lipase, nitrate reductase,
peroxidase and a-amylase. In the last eight years (after the last published review on the

topic), a-amylase has been the most commonly used enzyme for TTI fabrication (Van
Loey et al. 1997; Haentjens et al. 1998; Tucker, 1999; Tucker, 2000; Tucker et al.
2002; Guiavarc'h et al. 2002a; Guiavarc'h et al. 2002b; Raviyan et al. 2003a; Raviyan et
al. 2003b). Pectinmethylesterase (Guiavarc'h et al. 2003), triose phosphate isomerase
(Hsu et al. 2000) and R-phycoerythrin (Smith et al. 2002) have also being studied.
However, there is a tremendous amount of enzymes that needs to be explored.

Beyond conventional heating, recently TTIs have been developed for use with
microwave and radio frequency heating (Raviyan et al. 2003a; Raviyan et al. 2003b)
and the need for TTIs for non-thermal processing of food such as high hydrostatic

pressure treatments has been identified (Claeys et al. 2003).
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CHAPTER TWO

BIOSENSORS

Introduction

Industrial instrumentation for analysis is scarce and often limited to pH and
conductivity. There exist on-line optical instruments such as refractometers that may be
used to assess composition. However, their applicability to biological material is often
limited by the presence of interfering compounds in variable concentration that interfere
with the measurement. In most cases, accurate analyses of biological materials are
expensive and need to be performed in external laboratories equipped with more
sophisticated instrumentation. Most of these analyses require previous purification that
requires too much time relative to the processing time, making their on-line
implementation impossible for control purposes. However, in living organisms,
biological components like antibodies and enzymes work as natural sensing and
controlling “devices.” The ability of isolating and purifying these proteins and other
biological elements such as cells or organelles has allowed their integration with
physicochemical transduction devices to produce biosensors. The most widely accepted
definition of a biosensors is: “a self-contained analytical device that incorporates a
biologically active material in intimate contact with an appropriate transduction element
for the purpose of detecting (reversibly and selectively) the concentration or activity of
chemical species in any type of sample.” (1) The first biosensor, an enzyme-based

glucose sensor, was developed by Clark and Lyons. (2) Since then, hundreds of
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biosensors have been developed in many research laboratories around the world. Over
200 research papers about biosensors have been published each year for the past three
years.

The objective of this article is to review the principles of biosensor fabrication
and operation, their existing and potential applications in the food and agricultural
industries, and to briefly discuss recent research and future trends. For more
comprehensive discussion on the topic, the reader is referred to several excellent books

and reviews on which most of this article is based. (3—9)

Types Of Biosensors

Biosensors can be grouped according to their biological element or their
transduction element. Biological elements include enzymes, antibodies, micro-organisms,
biological tissue, and organelles. Antibody-based biosensors are also called
immunosensors. When the binding of the sensing element and the analyte is the detected
event, the instrument is described as an affinity sensor. When the interaction between the
biological element and the analyte is accompanied or followed by a chemical change in
which the concentration of one of the substrates or products is measured the instrument is
described as a metabolism sensor. Finally, when the signal is produced after binding the
analyte without chemically changing it but by converting an auxiliary substrate, the
biosensor is called a catalytic sensor (10). The method of transduction depends on the
type of physicochemical change resulting from the sensing event. Often, an important
ancillary part of a biosensor is a membrane that covers the biological sensing element and

has the main functions of selective permeation and diffusion control of analyte,
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protection against mechanical stresses, and support for the biological element. The

most commonly used sensing elements and transducers are described below.

Sensing Elements
Enzymes

Enzymes are proteins with high catalytic activity and selectivity towards
substrates (see the article Enzyme Kinetics). They have been used for decades to assay
the concentration of diverse analytes. (11) Their commercial availability at high purity
levels makes them very attractive for mass production of enzyme sensors. Their main
limitations are that pH, ionic strength, chemical inhibitors, and temperature affect their
activity. Most enzymes lose their activity when exposed to temperatures above 60°C.
Most of the enzymes used in biosensor fabrication are oxidases that consume dissolved
oxygen and produce hydrogen peroxide [see Fig. 1]. Enzymes have been immobilized at
the surface of the transducer by adsorption, covalent attachment, entrapment in a gel or
an electrochemically generated polymer, in bilipid membranes or in solution behind a
selective membrane. Several reviews of enzyme immobilization have been published.

(12—-19) Enzymes are commonly coupled to electrochemical and fiber optic transducers.

Antibodies

Antibodies are proteins that show outstanding selectivity. They are produced by -
lymphocytes in response to antigenic structures, that is, substances foreign to the
organism. Molecules larger than about 10 kDa can stimulate an immune response.

Smaller molecules like vitamins or steroids can be antigenic (also called haptens) but
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they do not cause an immune response unless they are conjugated to larger ones like
bovine serum albumin. Many antibodies are commercially available and commonly used
in immunoassays. Antibodies are usually immobilized on the surface of the transducer by

covalent attachment by conjugation of amino, carboxyl, aldehyde, or sulfhydryl groups.

(@) (b)

To potentiostat )
To luminometer —

|
Copper wire 1 Stainless steel sheath ——»|
1
| Fiber optic bundle
Glass or Teflon ——— ¢ I
Platinum disk —l'f_‘—l
o Screw cap pl
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Membrane __________~"
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(C) F 3 %‘ injection valve (d)
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Figure 1. Schematic representation of (a) amperometric enzyme membrane electrode (7);
(b) fiber optic enzyme sensor (7) ; (¢) surface acoustic wave propagation sensor (3) ; and
(d) enzyme thermistor. (3)



54

The surface of the transducer must be previously functionalized with an amino,

carboxyl, hydroxyl, or other group. A review of conjugation techniques can be found
elsewhere. (20) Antibodies share similar limitations with enzymes. Furthermore, binding
may not be reversible and regeneration of the surface may require drastic changes in
conditions like low pH, high ionic strength, detergents, etc. Therefore, efforts are being
made to produce low cost, single use sensors. Probably the main potential advantage of
immunosensors over traditional immunoassays is that they could allow faster and in-field

measurements. Immunosensors usually employ optical or acoustic transducers.

Microbes

The use micro-organisms as biological elements in biosensors is based on the
measurement of their metabolism, in many cases accompanied by the consumption of
oxygen or carbon dioxide, and is, in most cases, measured electrochemically. (21)
Microbial cells have the advantage of being cheaper than enzymes or antibodies, can be
more stable, and can carry out several complex reactions involving enzymes and
cofactors. Conversely, they are less selective than enzymes, they have longer response
and recovery times, (22) and may require more frequent calibration. Micro-organisms
have been immobilized, for example, in nylon nets, (21) cellulose nitrate membranes,
(23) or acetyl cellulose. (24)

Other biological elements such as animal of vegetable tissue and membranes as
well as organelles and nucleic acids have been researched but are out of the scope of this
article. A summary of some biological elements and transducers used in the fabrication of

biosensors is presented in Table 1.



Table 1. Biological elements and transducers commonly used in the fabrication of

biosensors
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Biological elements Transducers

Enzymes Electrochemical

Antibodies Amperometric
RECEPTORS Potentiometric

Cells Ion selective
Membranes Field effect transistors
Tissues Conductimetric

Organisms Optical

Organelles Fiber optic (optrode)

Nucleic acids
Organic molecules

Surface plasmon resonance (SPR)
Fiber optic SPR
Calorimetric

Heat conduction
Isothermal
Isoperibol

Acoustic
Surface acoustic wave
Piezocrystal microbalance

(Adapted from Refs. 4,5.)

Transducer Elements

Electrochemical

Amperometric and potentiometric transducers are the most commonly used

electrochemical transducers. In amperometric transducers, the potential between the two

electrodes is set and the current produced by the oxidation or reduction of electroactive
species is measured and correlated to the concentration of the analyte of interest. Most

electrodes are made of metals like platinum, gold, sliver, and stainless steel, or carbon-
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based materials that are inert at the potentials at which the electrochemical reaction

takes place. However, because some species react at potentials where other species are
present, either a selective membrane is used or an electron mediator that reacts at lower
potential is incorporated into the immobilization matrix or to the sample containing the
analyte. Potentiometric transducers measure the potential of electrochemical cells with
very low current. Field effect transistors (FET) are potentiometric devices based on the
measurement of potential at an insulator—electrolyte interface. The metal gate of a FET
can be substituted by an ion selective membrane to make a pH transducer (pH ISFET).
Enzymes have been immobilized on the surface of such pH ISFET to produce enzyme-
sensitized field effect transistors (ENFET). A complete description of such sensors can be

found elsewhere. (25)

Optical

Fiber optic probes on the tip of which enzymes and dyes (often fluorescent) have
been co-immobilized are used. These probes consist of at least two fibers. One is
connected to a light source of a given wave length range that produces the excitation
wave. The other, connected to a photodiode, detects the change in optical density at the
appropriate wavelength [see Fig. 1]. Surface plasmon resonance (SPR) transducers,
which measure minute changes in refractive index at and near the surface of the sensing
element, have been proposed. SPR measurement is based on the detection of the
attenuated total reflection of light in a prism with one side coated with a metal. When a p-
polarized incident light passes through the prism and strikes the metal at an adequate

angle, it induces a resonant charge wave at the metal/dielectric interface that propagates a
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few microns. The total reflection is measured with a photodetector, as a function of the
incident angle. For example, when an antigen binds to an antibody that is immobilized on
the exposed surface of the metal the measured reflectivity increases. This increase in
reflectivity can then be correlated to the concentration of antigen. The basic theory of
SPR excitation and some examples of its application to biosensors are presented
elsewhere. (26,27) A few SPR biosensors have been commercialized but no compact

inexpensive portable device is available yet.

Acoustic

Electroacoustic devices used in biosensors are based on the detection of a change
of mass density, elastic, viscoelastic, electric, or dielectric properties of a membrane
made of chemically interactive materials in contact with a piezoelectric material. Bulk
acoustic wave (BAW) and surface acoustic wave (SAW) propagation transducers are
commonly used. In the first, a crystal resonator, usually quartz, is connected to an
amplifier to form an oscillator whose resonant frequency is a function of the properties of
two membranes attached to it. The latter is based on the propagation of SAWs along a
layer of a substrate covered by the membrane whose properties affect the propagation
loss and phase velocity of the wave. SAWs are produced and measured by metal

interdigital transducers deposited on the piezoelectric substrate as shown in Fig. 1. (28)

Calorimetric
Calorimetric transducers measure the heat of a biochemical reaction at the sensing

element. These devices can be classified according to the way heat is transferred.
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Isothermal calorimeters maintain the reaction cell at constant temperature using Joule
heating or Peltier cooling and the amount of energy required is measured. Heat
conduction calorimeters measure the temperature difference between the reaction vessel
and an isothermal heat sink surrounding it. Using highly conducting materials ensure
quick heat transfer between the reaction cell and the heat sink. Finally, the most
commonly used is the isoperibol calorimeter that also measures the temperature
difference between the reaction cell and an isothermal jacket surrounding it. However, in
this case the reaction cell is thermally insulated (adiabatic). This calorimeter has the

advantage of being easily coupled to flow injection analysis systems (29) [see Fig. 1].

Applications

One of the major driving forces for the development of biosensors is biomedical
diagnosis. The most popular example is glucose oxidase-based sensor used by individuals
suffering from diabetes to monitor glucose levels in blood. Biosensors have found also
potential applications in the agricultural and food industries. However, very few

biosensors have been commercialized.

Agricultural Industry

Enzyme biosensors based on the inhibition of cholinesterases have been used to
detect traces of organophosphates and carbamates from pesticides. Selective and sensitive
microbial sensors for measurement of ammonia and methane have been studied. (30)
However, the only commercially available biosensors for wastewater quality control are

biological oxygen demand (BOD) analyzers based on micro-organisms like the bacteria
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Rhodococcus erythropolis immobilized in collagen or polyacrylamide. Standard BODS5

measurements in which the effluent is pretreated and exposed to bacteria and protozoa
require incubation at 20°C for 5 day. In contrast, BOD biosensors have throughputs of 2
to 20 samples per hour and can measure 0 mg L-1 to 500 mg L-1 BOD. When coupled

with automatic sampling they can be implemented on-line. (30)

Food Industry

Biosensors for the measurement of carbohydrates, alcohols, and acids are
commercially available. These instruments are mostly used in quality assurance
laboratories or at best, on-line coupled to the processing line through a flow injection
analysis system. Their implementation in-line is limited by the need of sterility, frequent
calibration, analyte dilution, etc. Potential applications of enzyme based biosensors to
food quality control include measurement of amino acids, amines, amides, heterocyclic
compounds, carbohydrates, carboxylic acids, gases, cofactors, inorganic ions, alcohols,
and phenols. (31) Biosensors can be used in industries such as wine beer, yogurt, soft
drinks producers. Immunosensors have important potential in ensuring food safety by

detecting pathogenic organisms in fresh meat, poultry, or fish.

Current Research And Trends

Because in many cases the transduction technology is well established, most of
the research is focused on improving immobilization techniques of the biological element
to increase sensitivity, selectivity, and stability. While critical, the latter has received

relatively little attention probably in part because there is a tendency to design disposable
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devices that are most useful in quality assurance laboratories but do not allow on-line
implementation for process control. Another dynamic area of research is miniaturization
of sensors and flow systems. Development of these technologies is mainly driven by the
need for in vivo applications for medical diagnosis and may not find immediate use in the
agricultural and food industries. After almost 40 yr of research in biosensors, a wide gap
between research and application is evident. The lack of validation, standardization, and
certification of biosensors has resulted in a very slow transfer of technology. With faster

computers and automated systems this process should accelerate in the future.
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CHAPTER THREE
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CHAPTER THREE

SIMULTANEOUS DETERMINATION OF FILM PERMEABILITY TO H,0;
AND SUBSTRATE SURFACE AREA COVERAGE OF OVEROXIDIZED

POLYPYRROLE.

Abstract

A method to simultaneously determine film permeability and surface area
coverage of electrochemically generated and overoxidized polypyrrole films on platinum
is presented. The method, similar to the Koutecky-Levich approach, is based on the
rotating disk electrode but uses experimental data from bare and film-covered electrodes
to compensate for deviations from ideality. We address the effects of polymer growth
potential, electrolyte concentration, monomer concentration, enzyme concentration and
film thickness in film permeability, substrate surface area coverage and film adhesion of
polypyrrole films grown from aqueous solutions. Film thickness was measured using
transmission electron microscopy of films deposited on thin platinum wires. Surface
morphology is illustrated using scanning electron micrographs. Relevant effects of film
permeability and thickness are related to the response of amperometric polypyrrole-

enzyme biosensors found in the literature.

Keywords: permeability, surface area, overoxidized polypyrrole, rotating disk electrode,

enzyme biosensor.
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Introduction

The first polypyrrole-glucose oxidase (PPY-GOD) amperometric biosensors were
fabricated in 1986 [1,2]. This electropolymer-enzyme combination is the most frequently
reported in the literature. Electrochemically generated polymers are excellent matrices for
enzyme entrapment because they can be grown from aqueous solutions at low potentials
and produce films of controllable thickness [3] and size exclusion properties [4] with
uniformly distributed enzymes. Despite these advantages, commercial development of
this type of biosensor for industrial applications still requires optimization in terms of
stability, sensitivity and response time. An important step in sensor design and
optimization is the characterization of the diffusion and kinetic parameters of the
immobilization matrix. For GOD and other oxidase-based amperometric biosensors, it is
important to determine the permeability of the matrix to the analyte and to H,O,
produced by the enzymatic reaction because the transduction of most of these sensors is
based on the oxidation of H,O, at the transducer’s surface. It is also critical that
potentially interfering species like ascorbic acid be prevented from reaching the surface
of the electrode. Many studies of PPY films have focused on the effects of the nature of
the counter ion, the concentration of electrolyte [5] and the presence of surfactants [6] on
film electrical conductivity, tensile strength, and elasticity [7]. However, while
electrochemical determination of permeability of polymer films using electrodes covered
by the film (but not deposited or adhered to it) has been studied using a rotating disk
electrode [8-10], few studies exist for electrochemically generated polymers. In the first
case, presumably the film does not block the metal surface area, therefore, only

permeability needs to be determined which can simply be done using the method
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proposed by Gough and Leypoldt [8]. Most assessments of permeability of hydrogen

peroxide and ascorbic acid in polypyrrole and polypyrrole-enzyme films have been
qualitative. Other studies indicate that enzyme presence inhibits polymer growth and that
permeability and film roughness decrease as enzyme concentration increases [3]. Very
few quantitative permeability studies have been published [11-14]. The main difficulty in
determining the permeability of electrochemically-generated polymers is that the
amperometric response of polymer-coated electrodes is affected not only by the
permeability of the film but also by the partial surface area coverage of the electrode by
the adhered polymer. Permeability and substrate surface area can be calculated from the
Koutechy-Levich approach that uses double reciprocal plot of the diffusion current vs.
the square root of the rotational speed. However, this method does not compensate for
non-ideality of the hydrodynamics of the system and for data extrapolation. It has been
used mainly for calculation of permeability alone [8,11,15,16] . In addition, if the
polymer is electrically conductive, none of the available methods allow the determination
of diffusion properties. In the case of PPY, exposing such electrodes to hydrogen
peroxide solutions or applying oxidizing potentials above 700 mV vs. Ag/AgCl causes
overoxidation of the polymer [17]. This phenomenon is accompanied by loss of
electroactivity, changes of mechanical properties and even detachment of the film from
the substrate metal [1,15,18] likely due to the breakage of the polymer backbone.
However, polymer overoxidation is still commonly used in biosensor research [3,16,19-
21]. Film permeability changes observed over time are probably due to polymer swelling.
However this effect has not been fully characterized and may be one of the causes of the

decrease in amperometric response of enzyme sensors based on electrochemically
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generated polymers. Overoxidized polypyrrole has shown excellent permselectivity to
some important interfering species [12,22]. Other non-conducting polymers like poly-o-
phenylenediamine have also been studied in that respect [23].

To the best of our knowledge, no quantitative study of the permeability and substrate
surface area coverage of PPY and PPY-GOD electrodes as a function of the polymer
growth conditions has been conducted. Such studies are necessary to optimize the
fabrication of enzyme-based biosensors.

In this paper we present a method to simultaneously determine film permeability
and substrate surface area coverage of electrochemically generated polypyrrole film,
using a rotating disk electrode. The proposed method is similar to Koutecky-Levich’s but
overcomes the issues of non-ideality and extrapolation. We address the effects of
polymer growth potential, electrolyte concentration, monomer concentration, enzyme
concentration and film thickness on film permeability to H,O, and substrate surface area

coverage of overoxidized polypyrrole films grown from aqueous solutions.

Theory

The method used to simultaneously determine permeability and substrate surface
area coverage is a variant of the method for permeability determination proposed by
Gough and Leypoldt (1979) [8] based on the Koutecky-Levich approach. In that method,

the following equation is proposed:

! (D
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Where i4 represents the measured diffusion current, iy represents the Levich limiting
current, and Ps and P, represent the permeability of the solution and the membrane
respectively.

The Levich current is calculated as:

i, =0.62nFAD*3y76C "> 2)

Where n is the number of electrons exchanged during the electrode reaction; F is the
Faraday's number; A is the surface area of the electrode; D is the diffusion coefficient of
the reacting species in solution; vis the kinematic viscosity of the solution; Cg is the

concentration of reacting species in the bulk of the solution; and @ is the rotation speed of
the RDE.

The solution permeability is calculated as:

P =2 €)

Where &4, the thickness of the diffusion layer on the liquid membrane interface is given

by:

5‘1 :1.6D1/3V1/6w—1/2 (4)

The permeability of the membrane is calculated as:

p = Du Q)
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Where a is the partition coefficient, Dy, is the diffusion coefficient of the reacting species
in the membrane (or film) and &, is the thickness of the membrane. Dividing the limiting
current by the surface area we obtain:

Ji =ii:0.6211FD2/31/"/6CBa)'/2 (6)
A

and substituting equations 4, 5 and 6 into equation 1 we obtain:

1 (7
D/(l 6D1/3V1/6w*1/2)
i .
a-D, /6,

ja = IXd =0.62nFD*y/6C "2
1

Where jqis the diffusion current density. Because upon deposition of PPY on the surface
of the electrode, not all of its surface area may be available for reaction, a priori we
cannot calculate jq.

In the proposed method, i4 is measured at several rotational speeds. With a
guessed value of A, jqis calculated and with a guessed Py, the estimated limiting current
density jrexp 1S also obtained as a function of rotational speed from equation (6). ji is
linear with respect to the square root of the rotational speed and is independent of the
film. However, since the surface area was guessed, jiexp calculated from experimental
data will differ from the real current density jibare measured at the bare electrode by a
constant factor, provided that Py, is correct. Therefore, the experimental data points are fit
to the curve by minimizing the standard deviation of the ratio jipare/jLexp and changing the
value of Py,. This was done using the Newton Method of Microsoft Excel solver. The

surface area available is obtained by dividing the guessed surface area by the mean of the
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ratio jrbare/JLexp Obtained at each rotational speed. Alternatively, the intercept of a

Koutecky-Levich plot of ig”" vs. @™ gives ig" at infinite rotational speeds:

1 1, 1 1 (7)

iy nFACRP, 0.62nFAD*v7"9C, o'

From the intercept, the product of A and Py, can be determined and A can be calculated
from the slope. A limitation of this method is that it does not compensate for deviations

from ideality and it requires extrapolation of the data.

Experimental
Materials

Potassium chloride, potassium ferricyanide, and glucose oxidase (prod. No.
G9010) were purchased from Sigma Chemical Co. (St. Louis MI, USA). Pyrrole and
ascorbic acid were from Aldrich Chemical Co. (Milwaukee WI, USA). Hydrogen
peroxide was purchased from JT Baker (Phillipsbourg N.J. USA). Pyrrole was distilled
under vacuum before use. All solutions were made with deionized ultra-filtered water
(‘milli Q).

Three rotating disk electrodes with geometric surface area of 0.19 cm” and
electrode rotator model AFMSRX were purchased from Pine Instruments (Grove City
PA, USA). Polymer growth and electrochemical measurements were carried out in an
undivided 50-mL electrochemical cell using an EG&G 263 A potentiostat from (Perkin
Elmer Instruments Oak Ridge TN, USA), interfaced with a personal computer using a

GPIB board or a DAQ-PCI-1200 analog to digital data acquisition board from National
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Instruments (Austin TX, USA). Computer programs were written with LabVIEW 6.0.

All potentials are referred to an Ag/AgCl, 3M KCl electrode. A platinum wire or foil was

used as auxiliary electrode.

Experimental factors

PPY films were grown from de-aerated aqueous solutions on platinum electrodes.
PPY films were overoxidized by applying 700 mV vs. Ag/AgCl in 0.1 M KCl for 2 h.
Varied factors were: pyrrole concentration, KCI concentration, GOD concentration,
integrated charge density (charge passed over time per unit surface area) and polymer
growth potential. Levels for each of these factors are shown in Table 1. All experiments
were carried out in duplicate. Surface area and diffusion coefficient determinations were

carried out three consecutive times on each electrode (bare and polymer-covered).

Electrode Cleaning

Electrodes were immersed in concentrated sulfuric acid overnight, rinsed with
deionized water, and any remaining adhering polymer was removed with paper tissue.
Electrode potential was cycled 25 times between -0.20 and 1.45 mV in 0.1M H,SO, at

500 mV.s". In all cases characteristic current-potential patterns were obtained.

Determination of electrode surface area
Because the same electrodes were used for several treatments, and their effective
surface areas may be affected by their history, the bare surface area was determined every

time before polymer growth using linear sweep voltammetry between 0.4 and —0.4 V vs.
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Ag/AgClat 0.01 V.s™ in 0.004 M K3Fe(CN)g plus 0.1M KCl solutions at different

"2 In this

rotational speeds and solving equation (2) after linear regression of I vs. @
solution ferricyanide diffusion coefficient is 7.62 x 10 cm”.s™ [24]. This procedure was
repeated sequentially at least three times for each electrode and the mean of these

determinations was taken as the surface area value for diffusion experiments in H,O, and

for comparison with the surface area available of the polymer-covered electrode.

Determination of H,O, and ascorbic acid diffusion coefficients

Diffusion coefficient of 0.005M H,0O,, 0.1 M KCI and 0.05M ascorbic acid were
determined analogously to surface area determinations except that, knowing surface area,
diffusion coefficients were solved from equation (2). Potential ranges were 0.3 to 1.2 V
and 0.1 to 1.35 V and scan rates were 0.02 V.s™' and 0.004 V.s™! for H,0, and ascorbic

acid respectively.

Determination of Permeability and Surface Area Coverage
Film permeability to H,O, and surface area coverage were determined according
to the method described in the Theory section. Potential range, scan rate and H,O,

concentration were the same as for the determination of diffusion coefficient in solution.

Film morphology and thickness
Transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) studies were done on PPY-covered Pt wire to determine polymer film thickness

and illustrate film morphology respectively. Pt wire with a diameter of 25.4 um was
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purchased from Omega Engineering Inc. Surface area of sections of bare and PPY-
covered Pt wire and wire segment lengths were determined using Scion Image for
Windows from Scion Corporation. The mean diameter of PPY-covered Pt wire was
calculated as the ratio of the surface area of a section of wire (calculated by the computer
program) and the length of the segment of the wire. Film thickness was calculated from
the difference in diameter between film-covered and bare electrode.

Table 1. Studied factors and levels.

Adiusted Levels of Factors kept constant
fa{;ltor adjusted E ) [Py] [KCI] [GOD]
factor (mV)  (mC.cm™) (molL") (molLL™") (molL™M)
E
(mV) 650, 700, 800 45 0.3 0.1 0
C o 200, 1800, 650 0.3 0.1 0
(Cm™) 2700 : :
[Py]
(mol.L")  0.3,0.6,0.9 650 90 0.1 0
[KCI]
(mol.L") 0'00(1)’10'01’ 650 45 0.3 0
(I[JGSI?]I) 0, 1%%’0200’ 650 90 03 0.1

Results and discussion
Determination of surface area and diffusion coefficients at bare electrodes

As anticipated, bare electrode surface areas varied after each cleaning procedure.
Values varied between 0.16 and 0.20 cm”. However, sequential determinations on the
same electrode after cleaning gave standard deviations of the order 0.003 cm?. Error in
the preparation of ferricyanide solution and mounting the electrode on the rotator was

also
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Figure 1. Diffusion current (ig) at different rotation speeds for (o) experimental
measurements of PPY-covered electrode; (0) values calculated by the proposed method
using experimental measurements of ip. at the bare electrode to calculate the ratio
Jubare/JLexp; (1); values calculated by the proposed method using a linear correlation of
experimental measurements of iy at the bare electrode to calculate the ratio jipare/jLexp and
(x) values calculated by minimizing the difference between experimental measurements
of ig and 14 calculated from linear correlation of i;, measurements at bare electrodes
assuming A is the same for bare and PPY-covered electrodes. PPY film was grown from
a solution containing 0.1 M KCl, 0.3 M Pyrrole at 650 mV vs. Ag/AgCl in 3M KCIl. Film

thickness was 1800 C-m™.
addressed. The precision of the measurements using 5 solutions prepared independently
and three electrodes was 0.01 cm®. This value is the largest 95% confidence interval

resulting from the three electrodes and is equivalent to a 6% deviation from the mean.

Also no significant differences were found among the surface area of the three electrodes
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Figure 2. Limiting current vs. Rotation speed”” of a Pt disk electrode () bare,
experimental (O0) bare, calculated (A) PPY-covered electrode. PPY film was grown from
a solution containing 0.1 M KCl plus 0.3 M Pyrrole at 650 mV vs. Ag/AgCl in 3M KCL

Film Thickness was 1800 C-m™.

(p = 0.113). From sensitivity analysis, using typical data, estimated errors in
permeability and surface area coverage caused by an error of 0.01 cm” in the
determination of surface area of bare electrodes were 6.3% and 5.9% respectively.
Diffusion coefficients of H,O, and ascorbic acid are presented in Table 2. Our results are

of the same order of those published in the literature [11].
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Table 2. Diffusion coefficients of H,O, and ascorbic acid in 0.1 M KClI determined at

rotated platinum disk electrodes.

*Diffusion II))li?fllllS:llgg Standard Number of
Solute Coefficient ) Deviation umoer o
(m2 S-l) 10° Coefficient (m2 s'l) 10° Determinations
: X 2 -1 9 . X
(m°s)x 10
~ QO
0.%0? 1\l\ﬁ gzc?z , 461 20 0.40 (= 9%) 9
0.005 M Asc. Ac.
0.1 MKCI 1.83 0.06 (~ 4%) 9

* Represents the mean of at least nine determinations using three electrodes.

Determination of the surface area of the electrode impacts this determination.

Determination of Permeability and Surface Area Coverage

The first proposed method fits experimental results well as illustrated in Figure 1.
However, the rotating disk electrode’s behavior deviates from ideality as shown in Figure
2. Experimental limiting current is different from calculated. Because the apparent H,O,
diffusion coefficient in solution is calculated from the slope of i vs. ®"? (equation 2)
from experiments using bare electrodes, calculated and experimental slopes are the same
but the experimental intercept is not zero. This is mainly due to the geometry of the
electrode as discussed by Riddiford [25]. Although the exposed part of the electrode is a
disk, the body of the electrode is a cylinder. Also the solution volume is not infinite.
Hence, flow patterns deviate from ideality. Because bare and film covered electrodes are
exposed to the same dynamic conditions (rotational speeds, immersion depth, and
container), the method uses experimental values of ip. at the bare electrode for
determination of A and Py,. The main advantage of the proposed method as compared to

the Koutecky-Levich method is that it compares experimental diffusion data of each film-
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covered electrode to experimental diffusion data of the same bare electrode prior to
electropolymerization and hence, compensates for non-idealities in flow dynamics and
error in solution preparation or rotational speed. Thus, it results in better fits and better
estimates of A and Pm. In addition, the Koutecky-Levich method has an intrinsic error
from extrapolating data of the double reciprocal plot. The disadvantage of the proposed
method is that it requires more experimental and computer work, the latter being
insignificant with today’s technology. Previous studies of diffusion at PPY-based
electrodes have used Koutecky-Levich approach for the determination of permeability
and apparent diffusion coefficient of PPY film[16] and have assumed that surface area of
PPY- covered electrodes is equal to surface area of bare electrodes [11,15,16]. Under our
experimental conditions we have evidence that this approach is incorrect as illustrated in
Figure 1. Data fitted by minimizing the difference between experimental measurements
of ig and 14 calculated from linear correlation of i;, measurements at bare electrodes,
assuming that A of PPY-covered electrodes is the same for bare electrodes, resulted in a
poorer fit as compared to data fitted by adjusting the surface area using the proposed
method. The best fit was obtained for values calculated by the proposed method using a
linear correlation of experimental measurements of iy, at the bare electrode to calculate
the ratio jipare/JLexp- Using the linear correlation of experimental measurements of i at the
bare electrode mitigates errors in the experimental procedure that would otherwise add to
the error of the measurements at the PPY-covered electrode. Values of P, and A resulting
from each of the methods mentioned above along with those resulting from the
Koutecky-Levich approach are presented in Table 3. Surface area of PPY covered

electrode, Appy, and Py, values were of the same order regardless of the method of
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Table 3. Determination of permeability and surface area by different approaches for a
PPY film grown from a solution containing 0.1 M KCI, 0.3 M pyrrole at 650 mV vs.

Ag/AgCl in 3M KCI. Film thickness was 1800 C.m™.

Using all irpere  Using correlated Assuming Appy Koutecky-Levich

Parameter data 1L bare data equal to Ay approach
P, (ms™) x 10° 6.85 7.62 423 3.04
A (m?) x 10° 1.26 1.19 1.63 2.64
A X P 8.61 9.10 6.92 8.00

(m’-s") x 10"

determining them. However, Appy determined by the Koutecky-Levich method is larger
than Ag at the bare electrode, which is impossible, unless some of the film had retained
its electrical conductivity, which is unlikely after 2h of overoxidation. Therefore, all our
discussion and data analysis is based on determination of Py, and Appy using the proposed
method. Permeability to ascorbic acid was so low that it could not be recorded using this
method under the experimental conditions. This observation is in agreement with
previous reports on permselectivity of overoxidized PPY-GOD films [22].

Effect of Growth Potential

Permeability decreased with growth potential as shown in Figure 3a. The opposite trend
was anticipated because a less uniform and porous film is created at higher growth
potentials. However, because the films are less dense when grown at higher potentials,
thickness increases causing an overall decrease in permeability. The effect of growth
potential on film thickness grown to different integrated current densities is illustrated in
Figure 4 where thickness was calculated using image analysis of transmission electron

micrographs. Figure 4 also showed a linear relationship between thickness and integrated
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current density as reported elsewhere [26,27]. Scanning electron micrographs

presented on Figure 5 illustrate the surface morphology of films grown to 82 mC-cm™ at

different
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Figure 3. Effect of growth potential on a) film permeability and b) surface area coverage.
Films were grown from aqueous solutions containing 0.3 M pyrrole, 0.1 M KCI. Film

thickness was 450 C-m™. Error bars represent 95% confidence intervals.

potentials. Linear regression of data from Figure 3a gave equation 8 with a correlation
coefficient r* of 0.75.

Pn=-58x10"E+54x10™ (8)
where E represents the polymer growth potential. This value is low due to the small
change in permeability (i.e. low slope), and to the relatively large deviation of the
experimental data that reflect the difficulty of growing repeatable films on large surface
areas. This will be discussed later. Figure 3b shows that surface area coverage of the
electrodes is extremely variable. As a matter of fact, because of the poor adhesion of
deposited PPY films, after three to four sequential experiments, films detached from the

metal surface.
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Ellipsometric studies of PPY films grown from 0.025 M pyrrole aqueous solutions
showed that as growth potential increases, the required charge to grow a given film
thickness decreases which suggests that less dense films and hence more permeable films

result from raising the growth potential, which is in agreement with our observations.

Effect of thickness

Permeability obviously decreased with film thickness since these parameters are
inversely proportional as stated in equation 5. The mean apparent film diffusion
coefficient oDy, calculated with the data from Figures 4 and 6a was 1.1 x 10™° (+ 4.3 x
10"") m%.s”". Based on Holdcroft and Funt [28], most of the studies assume that 0.1 pm

thick film corresponds to about 45 mC.cm™ (which was rounded after interpolating

127
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Integrated current density (mC.cm™)

Film thickness (pm)
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Figure 4. Film thickness vs. integrated current density for PPY films grown at (4)600,
(#)650 and (A )700 mV from 0.3M Pyrrole, 0.1M KCI solutions.
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Holdcroft and Funt’s value of 41.07 mC-cm™). However, Holdcroft and Funt’s

estimate is based on the following relationship

5, =M 0m (9)
nFpA

Where MWt is the molecular weight of a repeating pyrrole unit plus dopant, n is the
number of electrons required for polymerization, p is the density of the polymer and QO
is the charge of formation. Under their experimental conditions, Holdcroft and Funt
assumed n to be 2 and p to be 1.5. Later studies showed that density of the film might
vary depending on the growth conditions. Using ellipsometric, microgravimetric and

electrochemical measurements, Rishpon and Gottesfeld [26] estimated that PPY and

PPY-GOD films grown from aqueous solutions with 0.1 M phosphate buffer pH 7 plus

(A) (b) (©)

Figure 5. Scanning electron micrographs for 820 C-m™ thick film: a) 600 mV, b) 650 mV
and c¢) 700 mV

0.2 M pyrrole at 750 mV vs. SCE had densities of 0.6 g.cm™ and 1.67 g.cm™

respectively. Film thickness has been measured by ellipsometry [27,29] and an
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equivalent expression of equation 9 was proposed

Y (10)
" 25F

Where v is the molecular volume of the pyrrole monomer, Q is the total charge per unit of
surface area. In this equation it is assumed that 2.5 electrons are required by each pyrrole
molecule to polymerize with 100% efficiency without accounting for counterion and
solvent. Alsov is assumed to be 67 cm’.mol™ as compared to 58 cm®.mol™ in Holdcroft
and Funt’s study.

In this case a better correlation resulted on the following equation:

Pm=-82x 10" Q+24x 10
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Figure 6. Effect of film thickness on a) film permeability and b) surface area coverage.
Films were grown at 650 mV from aqueous solutions containing 0.3 M pyrrole, 0.1 M
KCI. Error bars represent 95% confidence intervals.

with correlation coefficient of 0.91. Surface area coverage apparently decreased with film

thickness too. However, at the highest thickness and hence the lowest permeability, very

scattered data were obtained, the surface area was overestimated and the numerical
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method had difficulty converging, which indicates that the application of the proposed

method is probably limited to films with permeability greater that 5 x 10° m.s™. The

Table 4. Estimated PPY film thickness vs. total charge published.

Charge required to
Growth conditions grow a film 0.1 pm g/éigrlr?:iirfs Reference
thick (mC-cm™) thickness
0.3 M Pyrrole, 0.1 M KClat 7.5to 11 Image analysis of  Our results
600 to 700 mV vs. Ag/AgCl TEM
Acetonitrile, 1% water, 0.1 50.6 [34]
M tetrabutylammonium
tetrafluoroborate and 0.06
M pyrrole. Galvanostatic
growth at 316 pA.cm™
Acetonitrile and aqueous 14 to 66 Ellipsometry [27]
solutions under various
pyrrole concentrations and
potentials
0.025 M pyrrole, 0.5 M 36 Ellipsometry [29]
KNO;
0.2 M 1-(2- 17.3 Surface roughness  [35]
carboxyethyl)pyrrole meter
0.1M (C4H9)NBF4 in
propylene carbonate
0.5 M Pyrrole, 0.2 M 24 Profilometry [36]
EtsNBF, in acetonitrile.
Galvanostatically
0.1 M pyrrole, 0.1M KCl 41 Estimation [26]
71.2 mA.cm’
Galvanostatically
0.2 M (C4Hyo)NBF4 1M 24 Profilometry [37]

pyrrole

apparent decrease in surface area coverage (Figure 6b) might be due the effects of

overoxidation causing polymer shrinkage. Thicker films might produce a stronger force

on the polymer-platinum interface upon shrinking resulting in increased detachment.
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Another possible explanation to the overestimation of the surface area is that thicker
films may require longer overoxidation time. Therefore, part of the PPY film may still be
electroactive and may contribute to H,O, oxidation. Also, assuming that during the
determination of film permeability the film gradually detaches from the substrate, this
would result in a larger slope than if the film remained uniformly attached and would also
result in an apparent larger surface area. Finally, Table 4 presents different estimates of

PPY film thickness found in the literature.

Effect of pyrrole concentration

PPY film permeability and apparent surface area coverage increased and then
decreased with pyrrole concentration as depicted in Figure 7a. The growth rate of films
(grown in this case to 90 mC.cm™) increased with the increase in pyrrole concentrations
as observed elsewhere [27] which was expected simply by the law of mass action. The
higher the concentration, the faster the polymerization took place and the denser the
resulting films. Ellipsometric studies [27], showed little effect of pyrrole concentration on
the charge-thickness relationship for films grown from 0.1 M and 0.2 M pyrrole solutions
in acetonitrile which would suggest that films have the same density and most probably
same permeability for a given thickness. However, the range of concentrations studied
here is wider and in fact the difference in permeability is small enough to be detected at
smaller concentration ranges. The same bimodal behavior was reported for the effect of
pyrrole concentration on the current response of glucose oxidase electrodes with
optimum around 0.25 M [30] or 0.3 M [21]. Other authors [3] reported a continuous

decrease in current response in the range of 0.05 to 0.4 M. However it is difficult to
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compare the results because films were grown under different enzyme concentrations
and different film thicknesses. For instance, in the last case, films were thinner and were
deposited on gold while the two former were thicker and deposited on platinum. While
we do not have any experimental evidence, it is reasonable to hypothesize that at
relatively low monomer concentrations, as monomer concentration increases, the rate of
polymerization increases by mass action. At this level, as the polymer grows the
monomer is consumed faster than it diffuses from the bulk resulting in a more permeable
structure. At relatively high monomer concentrations, while the polymer grows faster,
monomer is abundant enough so that it is always available to react with growing polymer

resulting on a more compact less permeable film.
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Figure 7. Effect of pyrrole concentration on a) film permeability and b) surface area
coverage. Films were grown at 650 mV from aqueous solutions containing 0.1 M KCI.

Film thickness was 900 C-m™. Error bars represent 95% confidence intervals.
Effect of KCI concentration
Increasing the concentration of supporting electrolyte (KCl) increased the rate of

polymerization and the permeability of the resulting films until a constant value is



88

reached as depicted in Figure 8a. Here again, a more permeable membrane is the result
of a faster polymerization. However, since the only role of the supporting electrolyte is as
charge carrier, once it reaches certain concentration, the rate of reaction becomes limited
by the polymerization reaction. While we obtained very scattered surface area coverage
data with low KCI concentrations, there is an apparent decrease of surface area coverage
with the increase of KCI concentration (Figure 7b). This may be due to the increased
polymerization time as KCl concentration decreased. In other words at low KC1
concentration, polymerization takes place slowly, allowing more monomer molecules to
diffuse through the thin film being formed to the platinum surface and to polymerize

there, blocking more surface area.
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Figure 8. Effect of KCI concentration on a) film permeability and b) surface area
coverage. Films were grown at 650 mV from aqueous solutions containing 0.3 M pyrrole.

Film thickness was 450 C-m™. Error bars represent 95% confidence intervals.
Effect of GOD concentration
Permeability decreased with the presence of GOD as well as the rate of

polymerization as reported elsewhere [31-33] (Figure 9a). Analogously to the case of

KCl, the decrease in the rate of polymerization would allow enough time for monomer
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molecules to diffuse to the surface of the growing polymer, resulting in a more

compact film. Increases in refractive index of GOD-containing PPY films were observed
and suggests an increase in polymer density[26] which would be reflected in a decrease
in permeability. Linear regression of permeability against glucose oxidase concentration
is given by:

Pm=3.7x 107 [GOD] + 1.76 x 10™

with correlation coefficient of 0.91. No trend could be observed for surface area because

data were very scattered as shown in Figure 9b.
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Figure 9. Effect of GOD concentration on a) film permeability and b) surface area
coverage. Films were grown at 650 mV from aqueous solutions containing 0.3 M pyrrole,

0.1M KCL. Film thickness was 900 C-m™. Error bars represent 95% confidence intervals.

Conclusions

The proposed method allows determining simultaneously permeability and
substrate surface area coverage of overoxidized PPY films. This model fit the
experimental data better than the Koutecky-Levich approach under the experimental

conditions used in this study. Effects of polymer growth potential, film thickness,
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monomer concentration, electrolyte concentration and enzyme concentration on
permeability and surface area determinations agree with the literature. However, unlike
previous work, we present quantitative values of permeability and surface area coverage.
Results obtained using the proposed method indicate that the very large variability in the
fabrication of overoxidized polypyrrole films on polished platinum disk electrodes is
mainly due to the variability in surface area coverage. Quantification of surface area
coverage gives a more accurate determination of permeability allowing correlation of
permeability with growth potential, film thickness and enzyme concentration. Variability
in the determination of permeability of films may be due mainly to non-uniform growth
of polymer. This non-uniformity is due to the heterogeneous roughness of platinum disks
that varies among electrodes. While seldom used in the fabrication of PPY-GOD sensors,
electrodeposition of platinum black prior to polymerization favors the uniform nucleation
of PPY. The presented method should provide a better means of estimating parameters
used for the design and optimization of PPY-GOD biosensors. When the polymer film is
conducting and the analyte of interest is being oxidized at its surface, none of the
available methods included the proposed one allow the determination of film
permeability or surface area.

From a brief literature review and our own measurements, we conclude that film
thickness is strongly affected by electropolymerization conditions. Therefore, using the
relationship between film thickness and total polymerization charge from the literature
should be done only if the experimental conditions are identical. It is recommended to

report the total polymerization charge as a measure of thickness.
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CHAPTER FOUR
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CHAPTER FOUR

IMPROVED PLATINIZATION CONDITIONS PRODUCE 60-FOLD INCREASE
IN SENSITIVITY OF AMPEROMETRIC BIOSENSORS USING GLUCOSE

OXIDASE IMMOBILIZED IN POLY-O-PHENYELENEDIAMINE

Abstract

Platinization has been used to increase electrode surface area and, therefore,
electrode sensitivity. However there are few studies about platinization conditions and
their effect on the reaction diffusion of enzyme biosensors. We report the fabrication of
sensitive (192 + 48 pA.cm™.mM") amperometric glucose sensors. Repeatability
(precision) was 2.32% + 1.22% of the measured value, the limit of detection was 0.94
mM and was linear up to at least 25 mM. Sensor-to-sensor variability was 24%. High
sensitivity was achieved by improving the conditions of platinization and entrapment of
glucose oxidase in poly-o-phenylenediamine. Potentiostatic platinization at —100 or —50
mV vs. Ag/AgCl resulted in mechanically stable deposits unlike the commonly used —
250 mV. Large concentrations of glucose oxidase did not inhibit the
electropolymerization of o-phenylenediamine. H,O, diffusion experiments using polished
and platinized, bare and polymer-covered rotating disk electrodes suggest that H,O,
diffuses from the bulk of the solution through the polymer film to be oxidized at the
platinized surface and the diffusion is apparently one-dimensional with platinization
compensating for the coverage of catalytic sites by the polymer. Conversely, when on a
platinized electrode, glucose oxidase is immobilized in a thin poly-o-phenylenediamine

film, substrate rapidly diffuses through the porous matrix and H,O, is produced
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throughout the enzyme-polymer film. Under these conditions, diffusion is apparently
multidirectional and platinization results in an effectively large increase in surface area
that results in high amperometric response. A mathematical model of the reaction-
diffusion matrix of polished electrodes supports this interpretation of the increased

response.

Keywords: Glucose biosensor, platinization, poly-o-phenylenediamine, sensitivity,

electropolymerization.

Introduction

Since the first enzyme biosensor fabricated by entrapment of glucose oxidase
(GOD) in electrochemically generated polypyrrole was realized (Umana and Waller,
1986, Foulds and Lowe, 1986), hundreds of publications have appeared dealing with this
technique and its advantages, which include the accurate control of the polymer’s growth
and hence of the thickness of the enzyme-polymer film, the potential for co-
immobilization of several enzymes (Liu et al., 1998), the use of segregated layers with
multiple enzymes (Cosnier, 1999) or the fabrication of microsensors and arrays of
microsensors (Trojanowicz et al., 1995, Bartlett and Cooper, 1993). Polymer films may
also work as a barrier for electrochemically interfering substances such as ascorbate
(Coche-Guerente et al., 1995, Palmisano et al., 1995). Ultra-thin polypyrrole films grown
from supporting electrolyte-free solutions have been studied recently (Adeljou and
Moline, 2001). Finally, redox mediators have been polymerized and hence have been

shown to work as both enzyme hosts and charge mediators (Yang et al., 1998). The
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effects of enzyme concentration (Shin and Kim, 1995, Shin and Kim, 1996), monomer
type (Coche-Guerente et al., 1995) and concentration, ion nature and concentration (Mu
and Jinquing, 1995) and buffer (Pei and Qian, 1992) on the electrochemical response to
the analyte of interest (Bélanger et al., 1989) have been determined. Despite all the
virtues mentioned above, enzyme biosensors based on electrochemically-generated
polymers have two main deficiencies: their long-term stability has not been demonstrated
and their sensitivity remains relatively low, typically less than 10 pA.cm™.mM™ for
glucose oxidase-based biosensors (Trojanowicz et al., 1995, Fortier et al., 1990, Yon Hin
and Lowe, 1994, Chen et al., 2002, Fortier et al., 1990, Yon Hin and Lowe, 1994). An
exception is the work by Coche-Guerente et al. (1994) where sensitivities of up to 34
pA.cm”.mM™ were reported for GOD immobilized in poly(amphiphilic pyrrole). Other
approaches such as adsorption in porous carbon or in carbon pastes have produced
sensitivities of approximately 10 pA.cm™.mM™ (Kulys and Hansen, 1994). To the best of
our knowledge, the most sensitive GOD electrode (68 pA.cm™.mM™) was made by
Bharathi and Nogami (2001) who electrodeposited gold sol-GOD mixtures by potential
cycling. The high sensitivity was presumably due to the high surface area produced by
the electrodeposited gold clusters, the three-dimensional conductivity and the porosity of
the matrix. Electrodes fabricated by immobilization of GOD in poly-o-phenylenediamine
(PPD), a non-conducting polymer, have typical sensitivities of less than 12 pA.cm™.mM™
(Malitesta et al., 1990, Quinto et al., 2000, Guerrieri et al., 1998). Electrode platinization
has been recommended as a strategy to increase the sensitivity of biosensors. Electrodes
have been platinized from different platinization baths (Baumgirtner and Raub, 1988)

under galvanostatic (Kell and Davey, 1990), potentiostatic (Kim and Oh, 1996) or
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potential cycling (Schuhmann1998) conditions. However studies on the effect of
platinization on biosensor response are scarce. Kim and Oh (1996) studied the effect of
platinization potential on electrode roughness and on the amperometric response to
glucose after immobilization of GOD by crosslinking with bovine serum albumin (BSA)

and glutaraldehyde. However, while platinized electrodes had amperometric response 30

to 40 times that of polished electrodes, sensitivity was approximately 15 pA.cm”mM™.
A similar approach was used earlier (Ikariyama et al., 1988) and GOD was also
immobilized in a growing platinum deposit on platinum microelectrodes allowing high
sensitivity and very low limit of detection (Ikariyama et al., 1989). However, while
platinum surface conditioning minimized electrochemical response to saccharides, other
electroactive species such as ascorbate interfered with amperometric detection. Among
other strategies such as coating the electrode with permselective membranes and the use
of mediators that allow amperometric measurements at lower potentials, several papers
have been published detailing the permeability of PPD and its ability to exclude
interfering species (Palmisano et al., 1995). PPD is a non-conducting polymer that has the
advantage of producing adherent thin films that do not require overoxidation like PPY.
Also, overoxidation of PPY has sometimes results in film detachment probably due to the
breakage of the polymer’s side chains and backbone (Hsueh and Brjter-Toth, 1994).

To the best of our knowledge, there has been no study on the effect of
platinization potential on the response of amperometric biosensors based on enzyme
immobilization in electrochemically-generated polymers. Also, we have not found any
study on the effects of enzyme load, polymerization potential, or platinum surface area

coverage by PPD on the resulting sensors.
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In this paper we present a glucose sensor that exhibits greater sensitivity than
others fabricated by entrapment in electrochemically-generated polymers. To obtain such
result we addressed the effects of platinization potential, platinization charge, and
enzyme load. A mathematical model of the reaction-diffusion matrix of polished

electrodes is used to support the interpretation of our results.

Materials

Glucose oxidase (EC 1.1.3.4 type X-S from Aspergillus niger), o-
phenylenediamine free base (PD), chloroplatinic acid hexahydrate, hydrogen peroxide,
and potassium chloride were purchased from Sigma Chemical Co. (St Louis, MO, USA).
Lead acetate trihydrate was purchased from Aldrich Chemical Co. (Milwaukee, WI,
USA). Platinum wire (I mm diameter) was purchased from Fisher Scientific (Fair Lawn,
NJ, USA). All other reagents and solvents were purchased from Sigma-Aldrich or Baker
Analyzed and were reagent grade. Deionized, ultrafiltered (2 > 18 MQ.cm) water was

used for all aqueous solutions.

Equipment

Electropolymerization and electrochemical measurements were performed with a
potentiostat/galvanostat, EG&G 263 A, (Perkin Elmer Instruments Oak Ridge, TN, USA),
interfaced to a personal computer, through a GPIB or PCI analog to digital board,
National Instruments (Austin, TX, USA). All potentials are reported with respect to
Ag/AgCl, 3.0 M KCl reference electrode. The counter electrode, a 5 mm diameter

platinum disk electrode model AFE1E050 from Pine Instruments Co. (Grove City PA,



USA), tightly inserted into a plastic tube that worked as reaction cell, was placed
parallel to the working electrode. The distance between the working and the counter
electrode was 3 mm for all the platinization and polymer growth experiments. A
miniature Ag/AgCl reference electrode model EE008 from Cypress Systems Inc.

(Lawrence, KS, USA) was used.

Software

Cyclic voltammetry was carried out with Power Suite software (Perkin Elmer,
Oak Ridge, TN, USA). All other operations and data acquisition and processing were
controlled with computer programs written using LabVIEW 61 (National Instruments,
Austin, TX, USA). Numerical solution of the mathematical model was done using

MATLAB (The Mathworks, Inc., Natick, MA, USA).

Methods

Platinum electrode fabrication and characterization

100

Platinum wire (1 mm in diameter 5 mm long) was sealed in soft glass. Electrodes

were polished with 220 grit and 600 grit abrasive papers, then with 5 um and 0.05 um

alumina slurries. Electrodes were then cleaned for 15 min in an ultrasonic bath, immersed

in concentrated sulfuric acid overnight, and rinsed with deionized ultrafiltered water.

Finally, electrode potential was cycled 80 times between -0.20 and 1.45 mV vs. Ag/AgCl

in 0.IM H,SO4 at 500 mV.s™". In all cases the characteristic current-potential pattern for

Pt was obtained. When reused, electrodes underwent the cleaning procedure described

above, starting from the polishing step with 5 um alumina.
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Platinization of platinum electrodes

Potentiostatic platinization of the electrodes was carried out at from —50 to -250
mV vs. Ag/AgCl in 2 mM H,PtCls, 1 mM Pb(C,H30,) (as crystal growth promoter), 0.1
M KCl oxygen-free solution to a total charge density of 0.5 or 2.0 mC.cm™. Electrodes
were rinsed with deionized ultrafiltered water. Surface area increase was determined by

cyclic voltammetry in 0.5 M H,SO4.

Immobilization of glucose oxidase

Electropolymerization was carried out in 5 mM o-phenylenediamine (oPD), 2 M
acetate buffer pH 5.2, and 1 to 50 g.I"" GOD oxygen-free solutions at 650 mV vs.
Ag/AgCl for 35 min. Before polymerization potential was applied, electrodes were
immersed for 5 min in the monomer-enzyme solution to allow monomer and enzyme to
diffuse into the platinized matrix. Three electrodes were prepared for each level of GOD

concentration.

Electrode testing

Electrode amperometric response at 700 mV vs. Ag/AgCl to glucose solutions
was tested by immersion in 0.1 M phosphate buffer pH 7 glucose solutions. Steady state
current response in stirred solutions was used.
To determine linearity, sensitivity and limit of detection, at least three electrodes were

tested at glucose concentrations ranging from 0 to 25 mM. Sensor to sensor
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reproducibility was calculated using four polished and four electrodes platinized to

0.5 mC-cm™ and ten electrodes platinized to 2.0 mC-cm™.

Mathematical modeling

A model mathematical model based on the one proposed by Leypoldt and Gough (1984),
later modified and expanded to GOD immobilized in electrochemically generated
polypyrrole by Gros and Bergel (1995) was used. In these two previous studies a
shooting method was used. We used MATLAB and the bvp4c routine, which is a finite
difference method with a 3-stage Lobatto Illa collocation formula. In Gros and Bergel
report, it was demonstrated that 90% of the response of the sensor was due to the
immobilized enzyme within the electropolymerized film and that adsorbed enzyme at the
polymer-metal and polymer-solution interfaces accounted for the remaining 10%.
Furthermore, the assumption of uniform distribution of the enzyme in the
electrochemically-generated polymer is supported by the good fit of the model to the
experimental data at different film thickness. Our model only accounts for entrapped
GOD. Convergence is highly dependent on the initial guess in a collocation routine.
Therefore, for the first calculation, O, and H,O, concentration profiles were assumed
parabolic (but opposite in sign) as shown in Gros and Bergel (1995). Table 1 summarizes

the model.
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Electrode Enzyme-Polymer Layer Solution
%K—/
700 mV H,0, Glucose 6o
® c®
° .’-0 ® Glucose
Ze- ® ° ®s °° T 02
GOD Glu Acid
— 1,0, +—>
z=0 z=38m

Figure 1. Schematic representation of the amperometric detection of glucose at the

GOD-PPD electrode

Table 1. Mathematical model.

Equations Boundary condition 1 | Boundary condition 2
2 Atz=0 C,, =0 in the bulk.
DGd C;G —1(C5,C) =0 ! i
dz JC Atz= 0,
d*C G —(
D, d 20—7’(CG,CO)=O dz dCy - 10 [Cg_&j
z dc, dc, | dz &, A
d’c, D, =-D,,
D, = +r(C;,C,)=0 dz dz dc, :L o _&
¢y =0 dz 5\ 7 a,
V(C C ): vmaxCGCO dCH [ CH
@Ol C,Co+ K Cp+K,Co dz  Sa,
Atx=0 Atx=1
d’C, — =
720 - ¢2R(CG5CO) =0 dEG 0 d(_jG 51’ [ (_jG J
d*C, _ dx d  Sa. | ap
=- 0 m * 0
2C _ dx dx =~ ( 0 __j
L R@C,.C=0 c -0 A
P dc, o.C,
R(@C,.C,)=11Ye M Co))CCo A ol
@m0 C,Ch+vyCy+v,Cy e
K D K 1% v. o
Ve=—"riVo=—"—Cri ¢ =0 C——; gp =
aC. a;D.C. l+v.+(v,/C,) D K
pal Cs . DoyCoy . == aODOCg e D,Cy, . z
CG:—b’ 0:—b’ 0:—17’ H:—b’x:_j
a:Cq aqD;Cq asD:Cq a:D:Cq S,
i= nAFDH(aCHj
ox ).,
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Definition of variables

A electrode surface area

Ej dimensionless concentration of species j

Ej Effective substrate concentration ratio

G concentration of species j

D; diffusion coefficient of species j

F Faraday’s constant

i Current

K Michaelis-Menten constant relative to species j
n Number of electrons exchanged

Vmax ~ Maximum enzymatic reaction rate (activity of glucose oxidase in the polymer)

X dimensionless distance from the surface of the electrode
z distance from the surface of the electrode
ok partition coefficient of species j

Om thickness of polymer film
) Thiele modulus
c Relative catalytic activity

VG, Vo Intermediate variables

Subscripts
G glucose
O oxygen

H hydrogen peroxide
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Superscripts
i internal (enzyme-polymer film)
0 external (polymer film)

Values of the parameters used in the model from Gros and Bergel (1995) and references

therein.
Kg =33 mol-m™

Ko=0.2 mol-m>

oG — 0.8
oo = 0.8
Oy — 0.8

Dg=4.0x 10" m?s?!
Do=5.0x 10" m?s?!
Dy=50x 10" m%s!

Vmax = 60 mol.m™.s™!

Results and Discussion
Electrode platinization

Electrode platinization at potentials between —150 and —250 mV vs. Ag/AgCl
resulted in a uniform black platinum deposit. However, such deposits were brittle and fell
off the electrode easily upon gently wiping the tip with a paper tissue. Platinization at —50

mV resulted in an almost transparent yellowish film and deposits grown at —100 mV were

brownish and opaque for films grown to 0.5 mC-cm™ and black for films grown to 2
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mC-cm™. Platinum deposits grown at —50 and —100 mV did not fall off the electrode

upon wiping them with a paper tissue. At the beginning of the platinization process,
current decreased due to the formation of concentration gradients between the bulk of the
solution and the surface of the electrode. After this initial phase, platinization current
increased with time as a result of the formation of the platinum black deposit and the
increase of the effective surface area of the electrode. The rate of platinization increased
with the increase in negative potential, and the increase in platinization current with time
was more pronounced for deposits grown at more negative potentials, suggesting that
larger surface areas are produced at more negative potentials. Cyclic voltammograms in
0.5 M H,SO4 of electrodes platinized at -250 mV, to —50 mV vs. Ag/AgCl at a scan rate
of 100 mV/s showed the typical profile for polycrystalline platinum. Electrochemical

surface area was calculated by integrating the total charge under the hydrogen adsorption

peaks of cyclic voltammograms in 0.5 M H,SO, and assuming 2.1 x 10™* C.cm™

(Angerstein-Kozolowska H., 1984). The increase in electrochemical surface area for
electrodes grown to 0-5 mC.cm™ was in the range of 21.6 to 30.7 times that of the

polished electrodes while electrodes platinized at —100 mV vs. Ag/AgCl to 2.0 mC-cm™
had surface area 120 times larger than polished electrodes. Roughness factors in Table 2
show that the surface area increases with increasing negative potentials. Kim and Oh
(1996) reported roughness (ratio of the electrochemical surface area and the geometric
surface area) in the range of 230 to 375 for the same range of platinization potentials for
electrodes platinized to a charge density of 2 C-cm™. We obtained larger roughness

probably because our platinization bath was 10 times less concentrated than that of Kim

and Oh (1996), which may have led to less compact
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Table 2. Effect of platinization potential on electrodes’ roughness

Platinization Platinization Rouchness* Relative Standard
Potential Charge density oughness Deviation

(mV vs. Ag/AgCl) (mC-cm™) (%)

Polished 14 35.7

-50 0.5 310 3.5

-100 0.5 321 1.2

-150 0.5 338 8.9

-200 0.5 406 3.2

-250 0.5 441 2.3

-100 2.0 1691 3.6

* Roughness was calculated as the ratio of the electrochemical surface area determined
from the H; adsorption peaks and the geometric surface area.

deposits due to slower diffusion from the bulk to the surface of the growing deposit. Kim
and Oh (1996) used electrodes platinized at —250 mV for enzyme immobilization because
of the higher surface area of such electrodes. However, enzyme was immobilized by
electrodeposition followed by crosslinking with BSA and glutaraldehyde. The
crosslinking with BSA and glutaraldehyde acts as a glue to keep the brittle black
platinum layer from breaking and falling off the electrode. The disadvantage of this
procedure is that it resulted in lower sensitivity. Because immobilization of GOD in PPD
deposited on electrodes platinized at potentials more negative than —100 mV resulted in
excessively fragile sensors, we chose to platinize all the electrodes at —100 mV. While
polished electrodes gave a certain amount of variability in their cyclic voltammograms,
platinized electrodes resulted in almost invariable profiles. Figure 2 shows scanning
electron micrographs (SEM’s) of electrodes platinized to 2.0 mC.cm™. Platinum deposits
at —50 (Figure 2a) and —100 mV (Figure 2b) have a crystallite appearance. Platinum

deposits at —150 mV (Figure 2¢) show a transition to dendrite-like structure and those
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grown at —200 (Figure 2d) or —250 mV (Figure 2¢) have a dendrite-like structure.

These results are in agreement with an earlier report (Kim and Oh, 1996).

S —

Figure 2. Scanning electron micrographs of platinum disk electrodes (1 mm diameter)
platinized to 2.0 mC-cm™ at (a) —50, (b) —100, (c) —150, (d) —200 and () 250 mV vs.
Ag/AgCL

SEM’s show that pore size increases with increasing negative potential. The more

compact structure of platinum deposits grown at lower potentials explains why these

deposits are mechanically more stable than those grown at larger potentials.

Effect of roughness on polymerization charge

To assess the relative amount of immobilized enzyme among electrodes with
different roughness resulting from platinization at different potentials, polymerization
charge was recorded for films grown at 650 mV for 15 min from solutions containing 1
g.I'" GOD. Polymerization charge increased with electrode roughness as depicted in
Figure 3. However, the increase levels off as roughness increases, suggesting that the
polymer grew throughout all the electrochemical surface area for electrodes with small
roughness (thinner platinum deposits) while for electrodes with higher roughness (thicker
platinum deposits) monomer diffusion through the platinum deposit is slower and
polymerization occurs at an outer layer of the porous matrix resulting in a lack of

monomer in the inner part of the matrix.
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Figure 3. Effect of roughness on final polymerization charge for electrodes grown from 5
mM oPD, 0.1 MKCI, 1 g.1" GOD at 650 mV vs. Ag/AgCl for 15 min. Electrodes were
platinized at from —50 to —250 mV vs. Ag/AgCl to 0.5 mC-cm™. Error bars represent +/-

one standard deviation of three measurements. Each measurement was taken from a
different electrode.

Effect of enzyme load

The effect of GOD concentration was studied to increase the electrode’s response. GOD
concentration could be increased up to 50 g.1"" without decrease in polymerization rate of
GOD-PD at 650 mV vs. Ag/AgCl. The ability to immobilize high concentrations of GOD
is one of the two main factors that lead to highly sensitive electrodes as shown in Figure
4. In contrast, GOD inhibits pyrrole polymerization (Shin and Kim, 1996, Schuhmann,
1991) which result in electrodes with lower sensitivity. Current response increased with
GOD concentration between 0.5 and 10 g.I"" however, electrodes grown with 50 g.1"" had
a lower response. This is in agreement with previous reports (Shin and Kim, 1996, Fortier
et al., 1990). This decrease in response is attributed to a transition between kinetically
controlled and diffusion controlled regimes. As the concentration of enzyme increases,
substrate is consumed in an outer layer of the immobilization matrix and larger amounts
of H,0O,, the product of the enzymatic reaction, diffuse back to the bulk of the solution

instead of reaching the surface of the electrode.
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Figure 4. Effect of enzyme load in electrode’s mean current response to 10 mM glucose.
GOD-PPD films were grown at 650 mV vs. Ag/AgCl for 1800 s on electrodes platinized

at —100 mV vs. Ag/AgCl to a charge density of 0.5 mC-cm™. Electrodes were allowed to
equilibrate with enzyme-monomer solution for 5 min before electropolymerization. Error
bars represent +/- one standard deviation of three measurements. Each measurement was
taken from different electrodes.
Effects of platinization on electrode response

There has been some discussion of the interpretation of the increase in sensitivity
of platinized electrodes compared to polished electrodes (Kim and Oh, 1996). However,
while the increase in surface area is about two orders of magnitude, the increase in
sensitivity is much smaller. In experiments using rotating disk electrodes (RDE’s) the
response of a PPD covered polished electrode to 0.005 M H»0,, 0.1 M KCl was between
1.7 and 3.4 times lower than the response of a polished bare electrode. This is due to the
diffusion barrier imposed by the membrane and to the partial coverage of the platinum
catalytic sites by the polymer. While the polymer grows uniformly throughout the
platinum surface, the apparent coverage of catalytic platinum sites available for oxidation
of H,O, was approximately 14% as estimated by a modified Kouteki-Levich method

(Reyes-De-Corcuera et al., 2003). Platinized electrodes and PPD covered platinized and

bare polished electrodes gave very similar response to 0.005 M H,0,, as illustrated in
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Figure 5. Considering that diffusion of H,O; through the film is longitudinal with

respect to the axis of the electrode, oxidation of H,O; at the platinum black layer will
occur until a platinum site becomes available for adsorption. As long as the polymer
blocks a catalytic site, hydrogen peroxide will continue diffusing through the platinum
black layer until it finds a platinum site available. Hence, assuming that H,O, oxidation is
not the rate limiting step of the process, once the surface area with sites available for
H,0, oxidation equals the geometric surface area of the electrode, any additional
platinum site available deeper in the platinum black layer will not be reached by the
H,0,. This explains why the platinized PPD-covered electrode’s response was similar to

the polished bare electrode’s.
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Figure 5. Mean current response at 700 mV vs. Ag/AgCl to 0.005 M H,0,, 1 M KClI for
(O) polished Pt RDE, (m) polished PPD-covered Pt RDE, (A) platinized Pt RDE and (A)

platinized PPD-covered Pt RDE at different rotation speeds. Error bars represent +/- one
standard deviation of three measurements performed with three different electrodes.

The effect of H,O, concentration on the response of polished, platinized, polished
and PPD-covered and platinized and PPD-covered 1 mm diameter disk electrodes in

stirred solutions is depicted in Figure 6. At concentrations below 0.2 mM, electrodes’

response was linear regardless of the treatment. PPD-covered electrodes gave smaller
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responses than bare electrodes and platinized electrodes gave larger responses than
polished electrodes. Platinized bare electrodes sensitivity was approximately three times
larger than polished bare electrodes. This is much smaller than the increase of roughness

determined by cyclic voltammetry in H,SO4; which confirms that the system is mainly
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Figure 6. Amperometric response at 700 mV vs. Ag/AgCl to stirred solutions of (A) 0-
0.2 mM H,0; and (B) 0-0.2 M H,0, for (O) polished Pt electrode, (m) polished PPD-

covered Pt electrode, (A) platinized Pt electrode and (A) platinized PPD-covered Pt
electrode. Solutions were stirred using a magnetic stirrer at constant rate. Electrodes (1
mm diameter) were platinized at —100 mV vs. Ag/AgCl. Error bars represent +/- one
standard deviation.
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under film diffusion control. In other words, one would expect about a three-fold increase
in sensor sensitivity due to platinization. At concentrations above approximately 20 mM
H,0O, oxidation becomes limiting at bare electrodes and the electrode’s response deviates
from linearity as reported in a detailed study on the kinetics of hydrogen peroxide
oxidation at polished platinum electrodes (Hall et al., 1998). Polished PPD-covered and
platinized PPD-covered electrodes were linear up to at least 0.2 M H,0, (1* of 1.000 and
0.990 respectively) as depicted in Figure 6B. The observed increase in liner range is due
to the diffusion barrier created by the PPD. However, such regime would not be found in
biosensors because the concentration of H,O; inside the reaction-diffusion membrane is
limited by the concentration of O,, which is about 280 pmol.I" in the bulk of the solution.
These results would suggest that platinization, more than increasing the surface area with
respect to the geometric surface area, compensates for the surface area coverage caused
by polymer deposition. However, the glucose sensitivity of platinized electrodes with 10
g.I'" GOD immobilized was up to 64 times the response of polished electrodes with the
same concentration of immobilized enzyme (see Table 3). In the GOD-free PPD-covered
electrode, or in the case of thick enzyme-polymer films where most of the enzymatic
reaction occurs in an outer layer of the film, H,O, diffusion becomes one-dimensional
and platinization compensates for the blockage of platinum reaction sites by the polymer
or adsorbed enzyme. In the case of thin films, where the film is thinner than the pore size
of the platinum deposit, platinization not only compensates for surface area coverage, it
also works as part of the immobilization matrix, allowing for entrapment of larger

amounts of enzyme than on polished electrodes. This is reflected by the increase in total
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polymerization charge discussed earlier. Also because the polymer film is very thin,

the substrate diffuses rapidly into the porous matrix and then through the enzyme
immobilization matrix where H,O, is and quickly oxidized at the black platinum surface
and diffusion becomes multidirectional. Figure 7 depicts the typical response of polished

and platinized electrodes.
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Figure 7. Typical calibration curve for electrodes ( ¢) polished, (m) platinized to 0-5

mC-cm™ and (A) platinized to 2.0 mC-cm™. Glucose solutions were prepared in 0.1 M
phosphate buffer pH 7.0. Electrochemical polymerization was carried out from 5 mM o-
phenylenediamine, 10 g-1" GOD in 0.2 M acetate buffer pH 5.2 at 650 mV vs. Ag/AgCl
for 30 min. Error bars represent + one standard deviation of six measurements using one
electrode.

Table 3. Analytical characteristic of GOD-PPD sensor response to glucose solutions in
0.1 M phosphate buffer pH 7.0. Platinization was carried out at —100 mV vs. Ag/AgCl
from 2 mM H,PtClg, 1 mM Pb(C,H305), 0.1 M KCl oxygen-free solution.
Electropolymerization was carried out for 30 min in 5 mM o-phenylenediamine, 10 g-I"
GOD, 0.2 M acetate buffer pH 5.

Platinization Sensitivity  Repeatabilit Limit of . ) Sensor-to-sensor
charge 2 . Linearity s
density (uAZ?m . yO detection (mM) roeprodu(:lblhty
(mC.cm’z) mM™) (%) (mM) (%)
Polished 3.09+£0.09 7.04+123 0.15+0.06 15 8 (4 electrodes)
30+ (4 electrodes)
0.5 233+£6.61 1.02+£0.05 02+0.13 15 25 (3 electrodes)
2 192 +48 232+122 03+£037 25 24 (7 electrodes)

+ Includes defective electrodes with low sensitivity and low repeatability.
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Mathematical model of GOD-PPD electrodes on polished electrodes

The kinetics of GOD has been reported to follow a “ping-pong” mechanism. In
the absence of products, the rate equation reduces to the expression used in the model
proposed by (Leypoldt and Gough, 1984), used by Gros and Bergel (1995) and in this
study (see Table 1). In the case of an immobilized enzyme product inhibition could occur
and in that case, the equilibrium constants would change. A study on glucose oxidase
kinetics using a rotating disk electrode showed that 10 mM glucolactone produced little
inhibition (van Stroe-Biezen et al., 1994). Inhibition by H,O, was observed when
concentration was changed from 0 to 0.75 mM. However, maximum calculated H,O, and
glucolactone concentrations in the immobilization matrix are in the order of 0.045 mM
and less than 5 mM respectively in the immobilization matrix (see Figure 10). Therefore,
product inhibition was assumed negligible. Kinetic parameters for GOD in solution were

used and kept constant for all simulations.

Effect of diffusion coefficients and film thickness

Because diffusion coefficients of PPD films are not available, values of GOD-
polypyrrole films were used as a starting point and values 10 times larger and 10 times
smaller were used to assess their effect on electrode response. The output of the model is
shown in Figure 8. These results are similar to those reported by Gros and Bergel (1995)
using the same parameters, in particular, the maximum response at 250 nm that divides
the kinetic-controlled regime from the diffusion-controlled one. Because the model used

here does not account for glucose adsorbed at the platinum surface and at the polymer
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solution interface, the estimated electrode response was slightly lower. With diffusion
coefficients 10 times larger, the response of the electrode increases and the maximum
shifts to around 750 nm. The opposite effect occurs for diffusion coefficients 10 times
smaller where the maximum shifts to around 70 nm. As film thickness decreases, kinetic
effects become increasingly dominant and diffusive effects become almost negligible for
film thickness of 30 nm and below. Because the thickness of PPD films has been reported
to be of the order of 10 nm (Malitesta et al., 1990) we assumed diffusion effects

negligible and used the same diffusion coefficients as for GOD-PPY films.
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Figure 8. Modeled effect of film thickness on current response assuming diffusion
coefficients (—) reported by Gros and Bergel (1995) (---) 10 times larger and (++) 10
times smaller. A = 0.03 cm®.
Effect of glucose concentration, data fitting

The model was run using the same kinetic and diffusion parameters as for GOD-
PPY electrodes. However, this time, to compare to experimental results, the geometric

surface area (7.9 x 107 m) of the electrode and a film thickness of 10 nm was used. As

shown in Figure 9, this approach (continuous line) largely underestimates experimental
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results (dots). The use of the electrochemical surface area (1.1 x 10~ m) brings the
modeled response closer to the experimental values. However, film thickness has to be
adjusted to 30 nm to closely fit the experimental values. The adjustments to fit our
experimental data are most likely inaccurate because our model does not account for
adsorbed enzyme, partial blockage of the platinum sites by the polymer film and we do
not have accurate values of film thickness. However, it is reasonable to conclude that for
PPD films, a wide range of diffusion coefficients (2 orders of magnitude) do not affect
the model of the electrode’s response because films are very thin, that is, below 30 nm
(Malitesta et al., 1990). The large response observed for polished electrodes, is most
likely due to the effective use not of the geometric surface area but a much larger (about
14 times) surface area closer to the electrochemical surface area. This supports our
hypothesis that multidirectional diffusion of H,O; takes place, even with polished

electrodes and this would explain the large sensitivity obtained with these electrodes.
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Figure 9. Effect of glucose concentration assuming (—) geometric surface area (7.9 x 10”
m and film thickness = 10 nm; (....) electrochemical surface area (1.1 x 10> m) and film
thickness = 10 nm; (---) electrochemical surface area (1.1 x 10~ m) and film thickness =
30 nm and (e) experimental data using polished electrodes.
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The model also indicates that that H,O, concentration does not exceed 4.5 pmol.I"" in
30 nm films or 45 pmol.I"" in 100 nm films grown using 10 g.I"" GOD in the presence of
50 mM glucose as shown in Figure 10. This confirms that H,O, oxidation is not the rate-

limiting step in glucose detection using GOD-PPD covered electrodes.
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Figure 10. Concentration profiles for films with thickness 10 to 100 nm in the presence
of 50 mM glucose.

Finally, for platinized electrodes, the large increase in the response of the electrode is due
to the increase in surface area and in enzyme load. However, because the amount of
immobilized enzyme does not increase linearly with roughness and resistance to diffusion
throughout the porous matrix is larger than for polished electrodes, the mathematical

model presented here does not apply to platinized electrodes.

Schematic interpretation of the results
Simplified schematic representations of polished and platinized GOD-electropolymer
biosensors (Figures 11A and 11B) have been reported (Vidal et al., 2000). However, in

that arrangement, H,O; is produced in a layer that does not overlap with the platinum
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deposit. Therefore all the H,O, that is produced in the enzyme layer has to diffuse to

the platinized surface and as we discussed above, an approximately three-fold increase in
response would be the maximum to expect. Our experimental results suggest that the
arrangement in Figure 11(C) would be a better representation. From scanning electron
micrographs, we estimate that the size of the pores in the platinized matrix is
approximately 100 to 500 nm and the thickness of PPD is 10 nm to 30 nm. Also,
diffusion in the macropores would explain why the response of platinized electrodes is
smaller than what would be expected from the increase in surface area as compared to
polished electrodes. Conversely, for other electrochemically generated polymers like
polypyrrole, where much thicker films can be grown, Figure 11(D) would be a reasonable
representation of the system. Furthermore, if the thickness of the film is much larger than
the thickness of the platinum deposit, then Figure 11(B) becomes a good representation.

In those cases, it is not surprising to obtain much lower responses.

(A) (B)
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Figure 11. Schematic representations of electrodes with an enzyme immobilized in
electrochemically generated polymers for (A) films grown on a polished electrode, (B)
films grown on platinized electrodes assuming the platinum black layer is not porous, (C)
thin films grown on the surface of the pores of platinized electrodes assuming the
platinum black layer is porous and some catalytic sites are blocked by the polymer and
(D) thick films grown on porous platinized electrodes where the film thickness extends
well beyond the platinized surface.
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Conclusions

Very sensitive glucose electrodes were fabricated by first platinizing at —100 mV
vs. Ag/AgCl and immobilizing 10 g.I"" GOD in electrochemically generated PPD.
Electrode platinization increased sensitivity by providing a porous matrix allowing large
amounts of enzyme-polymer to be immobilized with an increased active surface area.
Large concentrations of glucose oxidase did not inhibit the electropolymerization of o-
phenylenediamine. Repeatability and limit of detection were very good. However,
sensor-to-sensor reproducibility was rather poor and needs to be addressed. The reported
increase in sensitivity should enable the fabrication of ultramicroelectrodes with
increased current responses. Also, by covering the enzyme membrane with a non-
catalytic film, one should be able to produce electrodes operating under diffusion control
with larger linear range and operational life with reasonable sensitivity. While by using
less negative potentials more robust platinum deposits were formed, the stability of the

enzyme and the polymer need to be studied to ensure acceptable sensor operational life.
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CHAPTER FIVE
AN ENZYME-BASED AMPEROMETRIC BIOSENSORS FOR USE AS TIME-

TEMPERATURE INTEGRATOR

Abstract

A novel exogenous time-temperature integrator (TTI) based on an amperometric
glucose oxidase biosensor is presented. The TTI consists of the enzyme entrapped within
an electrochemically generated poly-o-phenylenediamine (PoPD) thin film deposited on
the interior wall of a platinized stainless steel capsule. After thermal treatment, the TTI is
mounted in a continuous flow system and connected to a potentiostat for amperometric
detection of residual enzyme activity. A measurement is completed within five min of
extracting the device from the thermal process. In addition to the rapid response of the
TTIL instrumentation is inexpensive and each TTI can be fabricated for less than $3.00
US. Isothermal treatments were carried out between 70 and 79.7 °C. Thermal inactivation
of the immobilized enzyme followed first order kinetics with z-value of 6.9 °C which

makes it suitable for assessing pasteurization processes at 70 to 80 °C.

Introduction

In view of the need for assessing the efficacy of thermal food processing
operations where traditional instrumentation like thermocouples or resistance temperature
detectors cannot be implemented because of mechanical or cost impediments, several

research groups have been developing time-temperature integrators (TTI). Exogenous
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and endogenous TTIs from different origins (microbiological, enzymatic, chemical

and physical) have been compared (/). Enzymatic TTIs offer the advantage of being
relatively easy to assay, they can be inexpensive and the thermal resistance of some
enzymes to denaturation or loss of activity is similar to the thermal resistance of several
pathogens of interest to the food industry. Endogenous TTIs have the disadvantage of the
intrinsic variability in the concentration of the TTI component and its thermal stability.
For example, triose phosphate isomerase has been proposed to verify roast beef
processing (2) but the its activity and thermal stability varied with muscle type. Other
components present in the food in variable concentrations can also affect the thermal
stability of the TTI. In contrast, exogenous TTIs can operate under controlled
composition. The stability of some enzymes used as TTIs has been adjusted by changing
their pH (3,4) or by adding of stabilizing agents (5). Amylase (6-10), horseradish
peroxidase (/-14) and r-phycoerytrhin (/5) have been used as exogenous TTI for food
pasteurization. Some exogenous TTIs have some drawbacks. If the TTI volume is
relatively large (i.e. gel cubes), temperature gradients may develop throughout its volume
and their application may be limited to processes where the heating transient is negligible
with respect to processing time. When the substance used as indicator needs to be
extracted from a capsule that substance might adhere to the surface of the capsule,
making its recovery difficult for rapid assay. Finally, once the substance used as indicator
is retrieved, analysis often requires long preparation which sometimes include grinding,
centrifugation, incubation and finally the assay time itself (9).

Amperometric enzyme-based biosensors have been studied since the early 1960s (/6). In

the early 1990s, amperometric enzyme-based biosensors using enzymes immobilized in
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electrochemically generated conducting and non-conducting polymers were

developed (/7,18). The main advantage of this type of sensors is that such polymers can
grow to a controlled thickness from aqueous buffered solutions where most enzymes are
soluble and stable, resulting in reproducible sensors and some of these films provided
selective permeability to the substrate of interest (mainly glucose) (/9). Most of these
amperometric sensors have been grown on noble metals or glassy carbon electrodes. Inert
substrates need to be used because electrochemical polymerization takes place at
potentials (typically 700 mV vs. Ag/AgCl) where other metals oxidize.

The objective of this research was to design, fabricate and characterize an
inexpensive rapid-response TTI based on an amperometric enzyme-based biosensor.
GOD immobilized in an electrochemically-generated PoPD film deposited on the interior
wall of a platinized stainless steel capsule is presented as a potential TTI for food

pasteurization.

Materials and Methods

Glucose oxidase (EC 1.1.3.4 type X-S from Aspergillus niger), o-
phenylenediamine free base, chloroplatinic acid hexahydrate, hydrogen peroxide, and
potassium chloride were purchased from Sigma Chemical Co. (St Louis, MO). Lead
acetate trihydrate was purchased from Aldrich Chemical Co. (Milwaukee, WI). Platinum
wire (0.4 mm diameter) was purchased from Fisher Scientific (Fair Lawn, NJ). Stainless
steel type 316 tubing 3.25 mm OD, 1.75 mm ID was purchased from the Microgroup Inc.

(Medway, MA). All other reagents and solvents were purchased from Sigma-Aldrich or
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Baker Analyzed and were reagent grade. Solutions were prepared in deionized
ultrafiltered (2 > 18 MQ.cm).

Platinization, electropolymerization and cyclic voltammetry experiments were
performed with a potentiostat/galvanostat, EG&G 263 A, (Perkin Elmer Instruments, Oak
Ridge, TN), interfaced to a personal computer, through a GPIB (National Instruments,
Austin, TX). Amperometric measurement of residual enzyme activity of the TTI was
carried out with a low cost ‘in house-built’ potentiostat interfaced to a personal computer
using an analog to digital board PCI 6032E (National Instruments, Austin, TX). A
schematic of the potentiostat with a list of its components is shown in Figure 1. All
potentials are reported with respect to Ag/AgCl, 3.0 M KCl reference electrode model
EE008 from Cypress Systems Inc. (Lawrence, KS). A platinum wire was used as counter
electrode. A syringe pump model 210 from Kd Scientific (New Hope, PA) was used for
the injection of buffer and glucose solutions. The syringe pump was interfaced to the PC
through a serial RS-232 port. The cost of all the potentiostat components was under $350
USD. The estimated total cost of the equipment required for the measurement of the
residual enzyme activity of the TTI’s including a personal computer and the data
acquisition board was under $5000.00. Data acquisition and control of the potentiostats
was done using computer programs written using LabVIEW 6.0 (National Instruments,

Austin, TX).

Electrode cleaning
Stainless steel capsules were made by cutting 15 mm long tubes. The interior wall of the

tubes was washed with soap and thoroughly rinsed with deionized water, polished with a
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5 pwm alumina slurry (Buehler Lake Bluff IL, USA), rinsed again with deionized

water and immersed immediately in 5 M H,SOgysolution at 60 °C. Then the capsules were

thoroughly rinsed with deionized water and immediately platinized.

Eout (o

| out

Figure 1. Schematic of the potentiostat used for the research.

o

Operational Amplifiers
A|—As: Va LF444
Aé— A7: Vi LF347
National semiconductors
Resistors
R,’ Rz, R4, R7, Rg and Rg:

10 kQ
R3Z 1 kQ
Rs: 100 kQ
Rs: 1 MQ
Rip: 10 kQ 10 turn trim pot 5%
R] 1- 5kQ
Ry 5 kQ trim pot 5%
Capacitors
C]Z 0.1 MF
C,: 0.01uF
C;: 0.001uF
C4: 100 pF
Cs: 0.01pF
Main Power Supply
HTAA-16W-A (+/- 15 VDC)
Power-one
Precision constant voltage
power supply
ADS580 (+2.5 VDC)
Analog Devices




131

Electrode platinization

Potentiostatic platinization of the electrodes was carried out at -100 mV vs.
Ag/AgCl in 4 mM H,PtCls, 1 mM Pb(C,H30,) (used as crystal growth promoter), 0.1 M
KCI oxygen-free solution for 60 min at room temperature. A platinum wire inserted in
the platinized tube was used as counter electrode. To prevent the counter electrode from
touching the working electrode, thin glass beads were fused on the wire. Platinized tubes
were rinsed with deionized ultrafiltered water. The presence of the platinum layer was

verified by cyclic voltammetry in 0.5 M H>SO4 between —0.2 and 1.18 V vs. Ag/AgCL

Enzyme immobilization

Potentiostatic electropolymerization was carried out in 5 mM o-
phenylenediamine, 2 M acetate buffer pH 5.2, and 2.5 to 10 g-.L”' GOD oxygen-free
solutions at 600 mV vs. Ag/AgCl for 30 min. Prior to applying the polymerization
potential, electrodes were immersed for 5 min in the monomer-enzyme solution to allow
monomer and enzyme to diffuse into the porous platinum deposit. Three electrodes were
prepared for each level of GOD concentration. The effect of glucose oxidase
concentration was the studied to determine the range of glucose oxidase concentration

that would allow the TTI to operate under a kinetically controlled regime. Because at
enzyme concentrations higher than 5 g-L™' the increase in TTIs response was small and

presumably diffusion regime started to affect the response, 5 g-L' was chosen for the

remaining experiments.
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Adjustment of operating conditions

Freshly prepared TTIs were tested in a continuous flow system depicted in Figure

Potentiostat
B R

Reaction Cell and
Working Electrode

Reference
Electrode

Counter
Electrode

Metering v

Pump [ ]

1

Waste
Buffer Substrate H,O

Figure 2. Schematic representation of the TTI flow system

Electrodes prepared using a solution containing 2 g-L™' glucose oxidase were used to
determine the apparent kinetics of the immobilized electrode and determine the glucose
concentration necessary to reach Vyax. Operation at V.« ensures a high and reproducible
amperometric response. Finally, substrate flow rate was adjusted to further increase the

amperometric response.
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Thermal inactivation studies

A thermocouple type T was tightly inserted into the TTI at one end, caped at the
other and immersed into a temperature controlled water bath at 84.8 °C for 20 seconds
followed by immersion in iced water to assess the heating transient phase of the TTI.
After fabrication, each TTI was calibrated. The background subtracted current response
was defined as 100% activity. TTIs were capped and immersed in a water bath at 70,
72.4,77.2, or 79.7 °C for five different periods of time predicted to be sufficient for 50%
inactivation at the longest incubation time. TTIs were immersed in iced water
immediately after incubation and left there until tested for activity. To verify whether a
first order kinetic model describes well GOD rate of inactivation, a single tube was
heated at 74.2° C for 2.5, 5, 7.5 and 10 min. To determine the thermal inactivation
parameters of the immobilized GOD, each temperature and each incubation time was
carried out in triplicate using a different capsule for each treatment. The experiment was
blocked by incubation temperature treatment and each TTI was randomly assigned to an
incubation time. Pseudo-first order inactivation kinetics was assumed and linear
regression was used for the calculation of the kinetic constant of inactivation. Arrhenius-
type behavior was assumed and linear regression was used for the calculation of the

apparent activation energy.

Results and Discussion
Electrode platinization
Stainless steel 316 was selected for construction of the TTI because this material

is approved by the FDA for use in contact with foods. Electrochemical polymerization on
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stainless steel for corrosion protection has been carried out from aniline (20-24) ,

pyrrole (25,26), and using multilayers of polyaniline and polypyrrole (27). However, in
most cases, polymers are generated in organic solvents unsuitable for enzyme
immobilization. We attempted to polymerize 5 mM o-phenylenediamine in 0.2 M acetate
buffer pH 5.2. However, because of the small concentration and the high potential (500 to
700 mV vs. Ag/AgCl), stainless steel oxidation occurred at a faster rate than the
polymerization and no polymer deposit was obtained. Attempts using 50 mM o-
phenylenediamine also failed. As an alternative, we coated the interior wall of the TTI by
electrodepositing a black platinum layer. Platinization of platinum electrodes is a
common practice to increase the surface area of amperometric biosensors (28-30) and it
has been recently improved. Platinization of stainless steel has been reported to result in
fragile platinum black layers with poor adhesion (37) due to the presence of the metal
oxide passive layer that forms on stainless steel in contact with air or oxygen-containing
solutions. However, polishing and activation with sulfuric acid of stainless steel for
electroplating has been recommended (32) . Using that activation procedure we obtained
platinum black deposits that adhered well. Platinum black deposits on the interior wall of
the TTI were characterized by cyclic voltammetry in 0.5 M H,SO4. While a pristine
platinum surface profile (Figure 3C) could not be obtained probably because the porous
matrix did not completely cover the stainless steel surface area and some of the stainless
steel components might have dissolved and incorporated into the black platinum layer,
still the presence of the platinum can be observed when comparing the profiles of the
platinized stainless steel (Figure 3B) with those of platinized platinum Figure 3C, and of

stainless steel (Figure 3A).
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Figure 3. Cyclic voltammograms in 0.5 M H,SO4 at 100 mV-s™ of (A) stainless steel
316, (B) platinized stainless steel and (C) platinized platinum.

Enzyme immobilization.

Electrochemical polymerization of o-phenylenediamine on the platinized TTI was
carried out successfully as evidenced by the shape of the voltammograms and the
decrease in current response upon potential cycling depicted in Figure 4. As the non-

conducting polymer grows, less monomer can reach the metal surface where it oxidizes;
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therefore, the current signal decreases. Similar results have been reported for PoPD

films grown on polished platinum electrodes (33) .

1(A)

S S Cycle 60
\ g}’c}e iO
h,‘ yele

Cycle 3

Cycle 1

0

0.1

02 03 04 05 06
E(V)

Figure 4. Cyclic voltammograms of platinized stainless steel tube in 5 mM o-
phenylenediamine, 5 gL' GOD in 0.2 M acetate buffer pH 5.2

Adjustment of operating conditions

Glucose oxidase catalyzes the oxidation of glucose according to Scheme 1

GOD

Glucose+ O, — Gluconic Acid+ H ,0,

Scheme 1. GOD catalyzed oxidation of glucose

While the mechanism of this reaction has been proven to follow a two substrate ping-

pong mechanism, and that it is product inhibited (34) , if the O, supply is sufficient,

glucose, glucolactone and H,O, concentrations are below inhibition levels, the kinetics of

the reaction can still be described using a simple one-substrate Michaelis-Menten with

apparent parameters. After simplification, the immobilized reaction diffusion system

under steady state conditions can be described by equations (1) and (2)

2
Dﬁlm d Cgluc Vmax Cgluc
Gluc >
dx K, +C

=0 (1)

gluc
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In the reaction diffusion system, H>O, diffuses and is then electrochemically oxidized at

the platinized electrode at 700 mV vs. Ag/AgCl. The current produced in the circuit is

given by equation (3).
dcC
i = nAFD?"" (ij 3)
2Y2 dx -

Where 7 is the number of electrons exchanged per oxidized molecule, F is Faraday’s

number, A4 is the effective surface area of the electrode D;;jg;" 1s the diffusion coefficient
of H,O, in the PoPD film, C 1,0, is the concentration of H,O, and x is the radial diffusion

coordinate. A modified Michaelis-Menten equation can be written as:

i= lmax C1Glu (4)
KM + CGluc

and

imax = k3 C'EO (5)

where k; is the rate constant of the release of the product and the free enzyme from

Michaelis-Menten mechanism and C is the initial concentration of active enzyme.

Therefore the current is a measure of the rate of production of H,O, by the enzymatic
reaction, in other words, at a given glucose oxidase concentration, the current is a
measure of active GOD concentration. This is the principle of operation of amperometric
GOD biosensors. Because we are interested in measuring the concentration of active
enzyme, experiments are run at constant glucose concentration. The effect of glucose

oxidase concentration in the polymerization solution on the current response of the TTI is
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shown in Figure 5. The current response approximately doubled as the GOD

concentration doubled from 2.5 to 5 g-L™' like it would be expected for the enzyme in

solution. However, at higher GOD concentrations the current response remained

unchanged and finally decreased slightly at 10 g-L™". This behavior is in agreement with
previous reports (35,36) . At low GOD concentrations diffusion of glucose, O, and H,0,
throughout the immobilization matrix is rapid and enzyme kinetics limit the overall rate
of reaction. Therefore, the higher GOD concentration, the more glucose is oxidized and
the more H,0O, is produced and oxidized at the metal surface of the electrode resulting in
a higher current. When GOD reaches a high enough level, glucose is consumed at a faster
rate than it diffuses from the bulk of the solution through the polymer film. At this point,
diffusion starts controlling the overall rate of reaction. At even higher GOD
concentrations, glucose is rapidly oxidized at an outer layer of the polymer film; more
H,0, diffuses back to the bulk of the solution than to the surface of the electrode
resulting in a decrease of current response. It has also been reported (37) that at high
GOD concentrations electrochemically generated films have lower permeability resulting
in a decrease in the rate of diffusion of substrates and products and therefore, of the
current response. To obtain the largest current response, glucose concentration is
increased to operate at i = i,,,,. The apparent kinetic parameters of the immobilized GOD-
catalyzed oxidation of glucose were determined from equation 2 using Lineweaver-Burk
approach. Kj; was 34 mM and i,,,, was 4. 1x10° A very similar to the reported K, for the
enzyme in solution (38). Theoretically, i, 1s reached at infinite substrate concentration
and its value is equal to two times the rate of reaction at substrate concentration equal to

K.
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Figure 5. Effect of GOD concentration on TTI’s current response to 120 mM glucose
solution in 0.1 M phosphate buffer pH 7.0. Error bars represent +/- one standard
deviation of three TTI.

From a practical approach, i, is reached when glucose concentration is large enough so
that the K, value becomes negligible with respect to it. Figure 6 shows that at glucose
concentrations of 60 mM or higher the current is fairly constant with a slight decrease at
120 mM, which is in agreement with reported substrate inhibition occurring at
concentrations above 100 mM. Therefore, a glucose concentration of 100 mM was
chosen for operation of the system. Because of the inhibition effect, the double
reciprocal plot deviates from linearity at low values of the reciprocal of glucose
concentration. For that reason, apparent kinetic parameters were determined using only

high values of the reciprocal of glucose concentrations in the linear regression as shown

in the insert of Figure 6.
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Figure 6. Effect of glucose concentration on TTI’s current response. Polymer film was
grown from a 5 mM o-phenylenediamine, 2.5 g-L"' GOD in 0.2 M acetate buffer pH 5.2.

Insert, double reciprocal plot of the same data used to determine kinetic parameters.
Thermal inactivation studies

Although compared to pure metals and other steel alloys stainless steel has a low
thermal conductivity, it is about 10 times that of glass and about 30 times that of water;
which reduces thermal transient response allowing the TTI to more accurately experience
the temperature history of the product that surrounds it. In addition electrochemically
generated PoPD forms very thin films, in the order of 10 nm thick (39); which means that
the immobilized enzyme reaches the temperature of the interior wall of the TTI
practically instantaneously and no temperature gradients exist throughout the enzyme
immobilization matrix. Therefore, the enzyme is uniformly inactivated and the only
transient of concern is caused by the thickness of the stainless steel tube. The transient
heating phase of the TTI is illustrated in Figure 7. It took about 10 s for the interior wall
to reach the final temperature after immersion in the water bath. Therefore, to ensure
isothermal treatment of the TTI, all experiments were carried using incubation times of at

least 100 s. The thickness of the proposed TTI capsule was 0.79 mm, therefore, this



141

transient time could be considerably reduced with commercially available tubing with

wall thickness as small as 0.15 mm that.

100
80
60 1
40
20 4

Temperature (°C)

time (s)

Figure 7. Heating transient of () a thermocouple type T and (+) the interior wall of the
TTI using the same thermocouple tightly inserted in the TTI

The thermal inactivation 60 °C of GOD in solution and immobilized in
polypyrrole has been reported to follow pseudo-first order kinetics with k-values of 18.3
x 10* and 6.7 x 107 s respectively (40). We compared orders 0, 0.5, 1 and 2 for the
inactivation of one GOD-based TTI immersed in a water bath 74.8 °C for 2.5 min and
then cooled with iced water residual activity was measured after each heating-cooling
cycle. Correlation coefficients (R?) 0f 0.89, 0.97, 0.99 and 0.94 were obtained. These
results suggest that the kinetics of inactivation follow 2™ order. However, first order gave
also a very high correlation coefficient allowing us to assume first order inactivation,
which is usually assumed for microbial inactivation. Rate constants (k) were calculated
from the slope of the linear regression of In(% residual activity) vs. time. The activation
energy for the thermal inactivation of the immobilized GOD was calculated from the
slope of the linear regression of In(k) vs. the reciprocal of the absolute temperature

assuming that the effect of temperature on the rate constant can be described using
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Arrhenius-type equation. Figure 8 shows the inactivation curves for the GOD-PPD

TTIs and Table 1 summarizes the rate constants at different temperatures and the
activation energy. Thermal inactivation parameters are also calculated in terms of D and z
values. The z value for the proposed GOD TTI was 6.9 °C making it a suitable candidate
for the assessment of microbial inactivation during pasteurization and very similar to o.-
amylase from Bacillus lichenformis at reduced water content (4/) This result can be

compared to recently published TTI summarized in Table 2.

S = N W kA 0
| 1

10 20 30 40 50 60

In(residual activity)

(e

time (min)

Figure 8 Thermal inactivation of GOD-PPD TTIs at (¢)70 °C, (m)72.4 °C, (A)77.2 °C
and (x)79.8 °C.

The small and uniform thickness of this film minimizes temperature gradients while
maximizing heat transfer to the capsule and minimizing variability. For assessing the
degree of inactivation, the capsule becomes a tube reaction cell and at the same time
works as an electrode for electrochemical detection. Variability within TTIs was
unexpectedly high due to the difficulty of fabricating reproducible TTIs. Most probably

the activation and platinization step were the main source of variability. Activation of
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Table 1. Thermal inactivation kinetic parameters for GOD immobilized in an

electrochemically generated PoPD film deposited on platinized stainless steel.

T k ¢ D Ea 0 z value ¢
(°C) s (min)  (kJ.mol™) (°C)
70.0 431x10%  0.55 89.0 335.5 0.97 6.6 0.97
£1.12x 10 +45.7

72.4 7.04x 10%  0.87 54.5
+6.79x 107
5

77.2 297x10°  0.80 12.9
+3.69x 10°
4

79.7 1.22x10%  0.79 3.2
+1.82x 10
3

“ Correlation coefficients of In(4/4p) vs. time that apply to k and D. All replicates were
considered.
b Correlation coefficient of In(k) vs. T using the values of k£ obtained from linear
regression of In(4/A4y) vs. time.
“Correlation coefficient of Log (D) vs. T
stainless steel surface in sulfuric acid was variable as observed by the different time
require for hydrogen evolution to be observed. Also, platinization curves were not always
reproducible, indicating the growth of platinum deposits with different properties. This
explains the low correlation coefficients obtained for the regression of In(A/Ay) vs. time.
While this did not prevent obtaining reasonable estimates of kinetic constants, it requires
improvement for practical use.
Supporting Information

Because D and z values are more commonly used than k and Ea in the food

processing industry, the equations to calculate them are included here

A first order kinetic equation in the integrated form is:
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Table 2. Characteristics of some TTIs recently reported.

TTI z value Method of | Time Reference
(°C) determination  of | required for
residual activity determination
(min)
a-amylase from Bacillus | 6.81 - | Differential =51 (10,40)
lichenformis at different | 11.81 scanning
reduced water content calorimetry
6.41 - | Spectrophotometric | = 10 ¢
8.98 assay (Sigma)
o-amylase from | 7.78 - | Spectrophotometric | > 30 9
Aspergillus oryzae | 10.9 assay
immobilized in different
polyacrylamide gels
Pectinmethylesterases 4.55 — | Potentiometric ~10“ (&)
from tomato and | 6.63 titration
cucumbers
R-phicoerythrin ~ from | 5.99 Fluorescence assay (4,15)
Porphyra yezoensis

 estimated

h{ij = —kt (A-1)

where Ay is the initial activity 4 is the activity after incubation, ¢ is the incubation time
and k the rate constant
D value is defined as the time required for a decimal decrease in a given property at a

given temperature.

A kt t
log[A_oJ “ o) D (A-2)

_ In(10)
ok

=D (A-3)

The dependence of a rate constant with temperature can be expressed by the equation

proposed by Arrhenius:
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-E,
k= Be® " (A-4)
Where B is the Arrhenius constant, £, is the activation energy, R is the ideas gas constant
and 7 is the absolute temperature
The z value is defined as the change in temperature that is required to modify the reaction

rate by a factor of ten:

__In(10)

T,T A-5
R (A-3)

Where |T1-T5| = 10
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CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH

We developed an improved method for simultaneously determine permeability to
H,0O; and substrate surface area coverage of overoxidized PPY that compensates for non-
idealities.

Electropolymerization of PPY films on polished platinum electrodes from
aqueous solutions using KCI as supporting electrolyte result in very irreproducible
substrate surface area coverage due to variability in PPY nucleation and film detachment
upon overoxidation.

Permeability of PPY films was of the same order of magnitude for all treatments
studied i.e. 0.5x 10%t0 5.0 x 10 m.s™.

PPY films grown under the conditions described in Chapter Three are not suitable
for the fabrication of reproducible enzyme biosensors. However, the use of rougher
surfaces and thinner films needs to be researched.

Glucose biosensors with sensitivity of 192 + 48 uA.cm™.mM' were fabricated by
increasing electrode roughness by a factor of 120 with respect to polished electrodes
using improved platinization conditions in combination with electrochemically-generated
PPD thin films. These electrodes had a precision of 2.3% but sensor-to-sensor
reproducibility was only 24%.

GOD concentration could be increased to at least 50 g.L”' without decreasing the

rate of polymerization of PPD.
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Diffusion experiments on polished and platinized electrodes suggest that when
glucose oxidase is immobilized in a thin poly-o-phenylenediamine film, substrate rapidly
diffuses through the porous matrix and H,O; is produced throughout the enzyme-polymer
film. Under these conditions, diffusion is multidirectional and platinization causes an
effectively large increase in surface area that results in high amperometric response. A
mathematical model of the reaction-diffusion matrix of polished electrodes supports this
interpretation of the increased response.

GOD biosensors in a tubular configuration can be used as TTIs for food
pasteurization at 70 °C to 80 °C as suggested by the z-value of 6.6 °C and the D-value of
3.2 min at 79.7 °C.

Platinization of the interior wall of acid-activated stainless steel small tubes using

4 mM H,PtCls, 1 mM Pb(C,H;305) results in TTIs with low reproducibility.

In relation to enzyme biosensors, the following research topics are suggested:

1) The effects of chemical modification of GOD on its thermal stability

2) The effects of enzyme stabilization and multipoint covalent attachment
on the operational life of electrodes.

3) Use different platinization baths and platinization temperatures to
ensure robust and adherent deposits

4) The effect of platinum deposit morphology on polypyrrole thin films
growth from electrolyte-free solutions

5) Mathematical modeling of biosensors for optimization in terms of

sensitivity, linearity and stability
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To advance the development of novel food processing technologies, research

for the implementation of TTIs needs to be carried out as follows:

1y

2)

3)

4)

5)

Fabrication of TTIs on platinum tubing to verify that the lack of
reproducibility is due to the platinum deposit and not to the enzyme-
polymer matrix.

Optimization of stainless steel platinization to produce reproducible
disposable TTIs

Determine the kinetics of thermal inactivation of GOD under high
hydrostatic pressure.

Development of a TTI for pasteurization using microwave and radio
frequency treatments.

Development of a TTI for food sterilization using enzymes produced by

hyperthermophilic microorganisms
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APPENDIX A

ELECTRIC DIAGRAMS OF EQUIPMENT AND CIRCUITS BUILT DURING

THIS RESEARCH
A) Multielectrode Potentiostat
1) Diagram
A R1
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2) List of components

Operational Amplifiers
A1 — As: Y4 LF444, National semiconductors

Multiplexers
MUXI1 ADG507AKN, Analog Devices
MUX2 CD4052BE, Texas Instruments

Switches
CD74HCA4066E, Texas Instruments.

Resistors

R, Ry, R4, R7 and Rg:
10 kQ

R3Z 1 kQ

Rs: 100 kQ

R6Z 1 MQ

Capacitors

Cli 0.1 MF
Cy: 0.01uF
Cs: 0.001uF
C4: 100 pF
Cs: 0.01uF

Main Power Supply
HTAA-16W-A (+/- 15 VDC), Power-one
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B) MOSFET switch
1) Diagram
12 VDC
0.1uF T X 1N4001
<) Motorola
~/ MTP3055EL
TTL+5V
10 k x 15V
ZENER
TTL GND
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APPENDIX B
COMPUTER PROGRAM USED FOR DETERMINATION OF ROTATING DISK
ELECTRODE SURFACE AREA OR DIFFUSION COEFFICIENT

This program controls the electrode rotator (Model AFMSRX, Pine Instrument
Co., Grove City PA, U.S.A.), collect data and calculate electrode surface area is based on
the Levich approach (See Chapter three for details on the theory). Rotational speed was
adjusted through an analog output from an A/D data acquisition board (Product No. PCI
1200, National Instruments, Austin TX, U.S.A.). Potential at the potentiostat (Model 263-
A EG&G Princeton Applied Research, Oak Ridge TN, U.S.A.) is controlled (ramped)
with the second analog output of the A/D board. Potential, current and rotational speed
are recorded with analog inputs of the A/D board. To calculate the surface area, the
diffusion coefficient of the salt being used needs to be written in the front panel before
starting the program. The default value is 7.62E-6 cm®.s™' (corresponding to 4 mM
ferricyanide in 0.1M KCI). A slight very similar program was used for calculation of
diffusion coefficients of ascorbic acid and hydrogen peroxide. In that case instead, the
surface area was input in the information subroutine and the diffusion coefficient is
calculated from Levich equation. Because of its similarity to the first program the
program for calculating diffusion coefficients is not included here. This program was also
used to collect the data with polypyrrole-covered electrodes for calculation of
permeability and surface area coverage. The information subroutine is also used for the

electrode calibration program (see Appendix C).



A) Main Program
1) Icon
Fotator]
2) Control panel
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3) Diagram
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B) Information Subroutine

1) Icon
W User Mame Answer
nfa] ---LE"‘ Solute {answer)
"""EMM Sample tag answer
Maoktes Answer
Surface Area 2
2) Front panel
3) Diagram

Folute COptions Ta[ 0, DeFault
]

Potassium Ferricyanide

IHvdrogen Peroxide|
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APPENDIX C

COMPUTER PROGRAM FOR ELECTROCHEMICAL POLYMERIZATION

AND PLATINIZATION OF ELECTRODES

This program was written to control the electrochemical polymerization of
polypyrrole films. The program communicates with the potentiostat (Model 263-A
EG&G Princeton Applied Research, Oak Ridge TN, U.S.A.) through a GPIB board
(Product No. PCI GPIB, National Instruments, Austin TX, U.S.A.) to set the
polymerization potential and total charge calculated from the surface area of the bare
electrode and the desired film thickness assuming 0.1pum requires 45 mC.cm™ (see
Chapter three). Later experiments on polymerization of poly-o-phenylenediamine and on
platinization required time instead of charge control. Therefore, the program was
modified to set the potential at a given value and record potential, current and charge for
a given amount of time. Because both programs are very similar, only the first is

presented here.
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A) Main Program

1) Icon

Palym
Charge
2) Front panel
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Flease Wiite a Name for the Data File
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APPENDIX D

COMPUTER PROGRAM FOR ELECTRODE CALIBRATION AND

CHARACTERIZATION

This computer program controls the automatic positioning of an enzyme
biosensor, a reference electrode and a counter electrode, in six solutions with different
substrate concentration. A rotating table and a vertical displacement arm are controlled
with stepping motors (Model 86 MM-2, Velmex, Inc. East Bloomfield NY, U.S.A.).
Commands from the LabVIEW program are sent to the stepping motor controller through
RS-232 serial communication. This program also controls the potentiostat (Model 263-A
EG&G Princeton Applied Research, Oak Ridge TN, U.S.A.) using a GPIB board
(Product No. PCI GPIB, National Instruments, Austin TX, U.S.A.). Amperometric
response of the glucose biosensors at 700 mV vs. Ag/AgCl for each concentration is
recorded using also the GPIB. Steady state amperometric response to each concentration
is recorded three times. With the complete set of data, the program calculates Michael-
Menten kinetic parameters Ky and v, from the double reciprocal plot of the
amperometric response and glucose concentration. The computer program also calculates
the sensitivity of the sensor from the linear portion of the curve of amperometric response
vs. glucose concentration and the limit of detection as three times the standard deviation
of the steady state current in buffer (i.e. glucose concentration equal to zero). Precision is
also calculated at each glucose concentration as the standard deviation of three

consecutive measurements of the steady state amperometric response.



171
A) Main Program

1) Icon

2) Front panel
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3) Diagram
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B) Data Acquisition Subroutine
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APPENDIX E

COMPUTER PROGRAM USED FOR THE AUTOMATIC CONTROL OF THE

TTI FLOW SYSTEM AND DATA ACQUISITION

This computer program controls the operation of the syringe pump (Model 2001,
kdScientific New Hope PA, U.S.A.), the operation a manifold with three 12-V solenoid
valves (Cole Parmer Cat. No. A-01367-81) and data collection. Syringe control was done
through RS-232 serial communication. Valve operation was done via 5V TTL digital
outputs form an A/D data acquisition board (Product No. PCI 6032E, National
Instruments, Austin TX, U.S.A.) connected to MOSFET switches (see Appendix A).
Data collection of current and potential from the homemade analog potentiostat (see
Figures 3-6, Appendix F) and temperature recording was also carried out using the analog
inputs of the A/D board. Because the A/D board does not come with thermocouple
inputs, an additional thermocouple module (5B47 Isolated, Linearized Thermocouple
Input mounted on a Backplane 5B04, Analog Devices, Norwood, MA, U.S.A.). A picture

of the temperature module is shown in Figure 5, Appendix F.
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2) Front panel
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2) Front panel

3) Diagram
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2) Front panel

3) Diagram
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D) TTI Amperometric Response to Buffer and Substrate.
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While saved as separate subroutines, they could be combined as a single

subroutine for the withdrawal and injection of buffer or substrate. They differ only in the

injection volume, data collection time and the valve that is opened. This difference is due

to the fact that it takes longer for the buffer to reach steady state amperometric response.

Also, diagram frame sequence 1 to 10 is identical to the sequence in the system flush

subroutine except for the injection volume and the flow rate. Therefore, these frames are

not printed here. Instead, Table 1 shows the values of the variables for each subroutine.

Subroutine | Opened valve | Withdraw/ Withdraw Injection Injection

Injection flow rate flow rate time

Volume (mL) | (mL/min) (mL/min) (s)

System flush Buffer or 4 35 35 6.8

glucose
Buffer Buffer 10 35 4 150
Substrate Glucose 4 35 4 60
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2) Front panel
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APPENDIX F

PICTURES OF EQUIPMENT FABRICATED FOR THIS RESEARCH AND

EQUIPMENT SETUP

This appendix is included to illustrate some of the equipment fabricated and
equipment setup used in this research. It also aims to help those who take over this
research identify some of the items in the ‘black boxes’ of the laboratory. More detail on

the electrical circuits can be found in Appendix A.
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Figure 2. Bread board of the multichannel potentiostat.
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Figure 3. Potentiostat (AlmaStat 2003) data acquisition connector box
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Figure 4. Breadboard of the AlmaStat 2003
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Figure 5. Connector enclosure.
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Figure 6. TTI mounted in the continuous flow system
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Figure 7. Setup for TTI Fabrication



	Dedication
	Between membranes
	Self-assembled layers
	Sol-gel technique
	Polymerization
	
	APPENDICES



