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ABSTRACT
The incorporation, for the first time, of whole intact h u m a n erythrocytes,
containing viable antigens, into an electroactive polypyrrole matrix, from
which signals, direct and indirect, were induced provides encouragement
for the development of an immunobiosensor for the detection of binding of
blood group antibodies to their respective antigens. The detection of
binding of blood group antibodies to their respective antigens is an integral
part of determining a blood group and in antibody detection. The interest in
blood grouping and antibody detection corresponds to the need by the
medical profession to administer or transfuse h u m a n blood and blood
products to other h u m a n s in order to improve the quality of life and
longevity. Antibodies to A B O and Rhesus (Rh) antigens are also important
indicators in screening for haemolytic disease of the new-born ( H D N ) and
autoimmune haemolytic anaemia (AIHA).
A prototype of an immuno-biosensor surface for detecting antibodies
recognising the 'A' and Rh(D) antigens was constructed. The biosensor
surface was synthesised to incorporate intact erythrocytes into the polymer
(plastic), comprising polypyrrole, polyelectrolyte and a significant proportion
of the mass as erythrocytes. Polymers were synthesised with a constant
electrical current (1.5 m A c n r 2 for 10 sees), where the polyanion of polyvinyl
sulphonate (PVS) and the h u m a n erythrocytes (approximately 1.0 x 10 6
erythrocytes cm - 2 ) were incorporated during synthesis to balance the
positive charge on the polymer backbone. The process was followed by
using oximetry and light microscopy to demonstrate the integrity of the
erythrocytes in the polymerisation solution and in the polymer matrix. The
majority of erythrocytes were incorporated with even distribution as intact
discs, as shown by light and atomic force microscopy (AFM).
Electrochemical characterisation of the polymer using cyclic voltammetry
(CV), Electrochemical Quartz Crystal Microgravimetry ( E Q C M ) and
resistometry showed that incorporating erythrocytes and some erythrocyte
m e m b r a n e (upto 70-72% of the surface area of the polymer) into an
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electrically conducting polymer did not compromise the ability of the matrix
to be continuously oxidised and reduced which w a s so important for the
direct signal phase of this work.
ELISA techniques were developed, to accommodate polymer discs
containing erythrocytes, then used to determine that the antigens in the
polymer matrix remained functional.

Indirect electrical signals were

obtained electrochemically from an enzyme amplified
(ELISA) and validated spectrophotometrically.

immunoassay

Indirect signals showed

results where test cases were twice the blanks whether determined
electrochemically or spectrophotometrically after addition of the enzymelinked purified monoclonal antibody.
Use of h u m a n sera in the test system showed differentiation between
positive and negative binding responses (assay sensitivity 90%).

The

number of false positive reactions was too high (specificity of 63%). Further
optimisation of the system with greater numbers of donor sera could realise
a novel and

reliable indirect electrochemical

technique

for the

determination of reverse blood groups in h u m a n sera.
Direct electrical signals were obtained by resistance changes w h e n purified
antibody bound to the corresponding antigen in the erythocyte membrane,
using resistometry techniques.

Resistometry studies showed altered

polymer resistance with the addition of purified IgG monoclonal antibody
(Anti-Rh(D) and Anti-A) w h e n the polymer was cycled between +0.35V and
-0.70V (vs Ag/AgCl). After the addition of antibody (100-250 |ig/mL), the
change in resistance during the resistogram decreased by 1.1 O h m s
(p<0.0008) in polymers containing antigen positive erythrocytes, whereas
polymers without erythrocytes or polymers containing antigen negative
erythrocytes showed no significant change.

1

PART ONE
CONSTRUCTION OF A BIOSENSOR
SURFACE FOR BLOOD GROUPING

2

CHAPTER 1
INTRODUCTION
Word from the Author
This thesis involves two distinct phases of research which are discussed in
two sections. The first phase involves the successful incorporation of
biological molecules, whole intact h u m a n erythrocytes, into an electrically
conducting polymer matrix, polypyrrole.

The synthesis process w a s

followed using haematological and immunohaematological techniques to
assess the integrity of the erythrocyte and the blood group antigens located
on the erythrocyte surface. Electrochemical characterisation of the matrix
was also undertaken to assess the potential of the matrix as a basis for a
biosensor. The second section presents data obtained from the use of the
matrix as a biosensor to detect binding of 'A' and Rh(D) blood group
antibodies to their respective antigens.
To assist the readers, from backgrounds as diverse as electrochemistry and
immunohaematology, Chapter 2 has been included.

It is designed to

provide a very basic and general background on the experimental
techniques used because the work involves two distinct and unrelated
disciplines of science; immunohaematology and electrochemistry.
1.1. General Introduction
The evolution of the practice of blood transfusion ranges from mysticism
and pseudoscience to the present day scientific rationale. It reflects the
parallel expansion

of knowledge

in bioengineering, physiology,

immunology, mechanical engineering, biochemistry

and genetics.

Although there is not space to discuss in depth all these parallel expansions
short discussions o n the genetics, biochemistry, physiology and
immunology of antigens/antibodies, blood group systems, the erythrocyte
and the erythrocyte membrane are warranted. Following is an overview of
biosensors, biosensor architectures, the use of electrically conducting
polymers and incorporation of biological molecules into these polymers.

3

1.2. Blood

Grouping

and

Transfusion

1.2.1. History of Blood Transfusion
The interest in blood and blood group systems corresponds to the need by
the medical profession to administer or transfuse h u m a n blood and blood
products to other h u m a n s in order to improve the quality of life and
longevity. Transfusion has saved countless millions of lives and supported
the advance of modern surgery and cancer chemotherapy [1]. Blood group
systems also have a role in anthropology, forensics, genetics, paternity
testing, transplantation, pregnancy. Relationships between blood groups
and disease susceptibility are also being investigated [2].
O n e of the first references to blood transfusion is contained in the seventh
book of the Metamorphoses by Ovid [3]. Records from early civilisations of
Eygptian, Greek and Romans show unsuccessful attempts of transfusion of
blood in order to attempt to save h u m a n life[4]. Not only did they attempt
to administer h u m a n blood they used animal blood, ale or wine as a
transfusion fluid and frequently nothing w a s k n o w n of intravenous
administration, sterility or coagulation.
Blood transfusion within Australia has a long history, dating to centuries
before the arrival of the white m a n w h e n young Aboriginal m e n gave older
m e n blood with a view to strengthening them. The blood was swallowed by
the recipient and splashed over the body, so in some cases the young m e n
would collapse from exsanguination.

However because the blood w a s

swallowed not given intraveneously incompatibility was not a problem[5].
In 1628 Harvey proposed his theory of blood circulation in m a n but until
1818 and James Blundell[6], no-one was credited with saving a h u m a n life
with a successful transfusion of blood.

In 1900 Karl Landsteiner[7]

demonstrated that there are immunological differences amongst the
erythrocytes of various individuals. These differences, the h u m a n blood
groups, are a series of antigenic characteristics or determinants whose
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production is under genetic control[8].

Today these immunological

differences Landsteiner observed are k n o w n as the A B O system[9].
In 1939 Levine and Stetson[10] reported an antibody in the serum of a
patient after transfusion of her husband's blood. In 1940 Landsteiner and
Weiner[ll] injected cells of a Rhesus monkey into guinea pigs and rabbits,
observing the formation of antibodies to the erythrocytes which also reacted
with 8 5 % of Caucasian N e w Yorkers. This antibody was n a m e d 'anti-Rh'
and the 8 5 % of persons w h o react named 'Rh Positive'[12]. Over the next
forty years the R h system has grown to a system comprising over 50 antigens
and antigen complexes [4]. The five main antigens are C and c, E and e and
D.
Between 1900 and 1940 four other blood group systems were described.
From this time to the present there has been a progressive expansion in the
number of inherited antigens described on the h u m a n red cell. Over 400
antigens have been reported and 194 are distributed within 22 blood group
systems[l] with more being reported each year.
1.2.2. The Immune Response
A n antigen has been defined as a "substance that can stimulate an i m m u n e
response (immunogenicity)"[13]. In blood grouping the antigen is the
structure on the erythrocyte membrane that is able to complex with it's
specific antibody[4]. The parts of an antigen that bind to the antibodies or
cellular receptors are called antigenic epitopes or determinants.

Each

antigenic molecule m a y have several different or several identical
epitopes[13]. The differences between the epitopes of various erythrocyte
antigens are very small, just one or two sugars or one or two amino
acids[13].
Antibodies are immunoglobulins produced in response to an antigen for
which they exhibit specific binding[13]. Blood grouping antibodies are
routinely either alloantibodies or autoantibodies.

Antibodies with

specificity for blood group antigens are found only in the IgG, IgM and IgA
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classes. IgA antibodies play a minor role in blood group serology as they
only appear as allo-antibodies together with IgM and/or IgG[13].
Nearly all h u m a n blood group antibodies found in serum are polyclonal in
nature[4]. That is, they are products of several B cell clones and contain a
mixture of antibodies recognising different epitopes on the same antigen.
The antibodies are specific for the individual epitope and not the whole
antigen[13]. In immunohaematology the antibodies produced by the B
lymphocytes are studied to the almost total exclusion of other aspects of the
i m m u n e response [4].
There are several terms used to describe different types of blood group
antibodies: naturally occurring and i m m u n e antibodies, cold and w a r m
antibodies and complete (or saline) and incomplete antibodies. Naturally
occurring antibodies are described as those antibodies that are produced
without any obvious stimulus, such as pregnancy, transfusion or injection
of blood or blood substances. Most naturally occurring antibodies are of the
large molecular weight I g M type, which are capable of causing direct
agglutination of erythrocytes containing respective antigen, w h e n the
erythrocytes are suspended in physiological saline. These are considered to
be cold antibodies. They can have a wide thermal range and react at 37°C,
but the titre will be m u c h higher at lower temperatures. They are also
k n o w n as complete antibodies because they agglutinate erythrocytes w h e n
suspended in saline.
I m m u n e antibodies are produced following a stimulus such as pregnancy,
transfusion or injection of blood or blood substances. In the primary
i m m u n e response, low levels of I g M antibody are produced, which peaks
and then begins to decline. If a repeat dose of antigen is given, either during
or after the primary response, a secondary response occurs where IgG
antibody is made[14]. In most instances there is a greater quantity of IgG
antibody produced than was the IgM of the initial response. Once maximal
amounts of IgG antibody is m a d e the decline in the level produced is m u c h
slower than in the primary i m m u n e response. Antibody production in a
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secondary response m a y continue at high levels over a period of m a n y
years[4].
It has been difficult to prove that the primary i m m u n e response of IgM
antibody production followed by the switch to synthesis of IgG antibody
production applies to the production of erythrocyte alloantibodies in
humans. For example, after studies on the i m m u n e responses to the Rh(D)
antigen, it w a s not certain that I g M antibody was the first to be m a d e in
h u m a n subjects. It w a s clear however that in most people, IgG anti-Rho (D)
antibody soon predominates and is often the only type that can be identified
at any time[15].
I m m u n e antibodies are w a r m reacting where the thermal optimum of the
reaction is 37°C. However, some w a r m antibodies will also agglutinate the
appropriate erythrocytes at 4°C, but the antigen-antibody reaction will take
longer to reach equilibrium[13]. The i m m u n e IgG antibodies are called
'incomplete' because mostly they do not agglutinate the appropriate salinesuspended erythrocytes. The antibody maybe bound to its antigen but no
visual agglutination is observed. However, there are cases where potent
samples of IgG anti-D in undiluted serum will agglutinate saline suspended
erythrocytes[16].
1.2.3. Blood group systems
The two main blood group systems, referred to extensively throughout this
work, are the A B O system and the R h system. A blood group system is
m a d e up of antigens inherited as a group. "A blood group system includes
those antigens that are produced by alleles at a single genetic locus or those
produced by alleles at loci that are so closely linked that cross-over between
them either does not occur or is extremely rare" [4].
Determination of the correct A B O and R h type of a patient or donor is
essential because a mistake could result in the death of that patient. Clinical
importance is determined by whether antibody destroys erythrocytes in
vivo, by whether the antibody can cross the placenta and by the relative
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frequency of the antigen[2]. A B O antibodies are naturally occurring hence
exist in high frequencies and they cause immediate intravascular
haemolysis whilst R h antibodies are easily formed by i m m u n e stimulation,
can cross the placenta and m a y cause i m m u n e destruction of erythrocytes.
1.2.3.1. ABO System
The A B O blood group genes are found on the long arm of chromosome 9[2].
A B O inheritance involves each individual inheriting two of the three
alleleic genes (A, B and O ) , one from each parent. The combination of those
two genes determine which A B O antigens will be present on that
individual's erythrocytes, hence accounting for the four main A B O groups:
A, B, A B and O. The A B genes are expressed as codominants whilst the O
gene produces no detectable antigen and is therefore regarded as silent.
There are rare exceptions to these rules of inheritance, which will not be
discussed here.
The cellular expression of A and B antigens is determined by the H gene,
which is inherited independently[17]and found on the long arm of
chromosome 19 [2]. The H gene codes for an enzyme, glycosyl transferase,
that converts a carbohydrate precusor into H substance on which the A and
B gene products act, by terminal addition of N-acetyl-D-galactosamine and
D-galactose, respectively[17]. The H substance persists unchanged in group O
because the O gene is silent or amorphic so does not produce an active
transferase. In the rare case of O h Bombay phenotype, the individual does
not inherit a functional H gene[2], they have the genotype hh, hence no H
transferase is produced. This in turn allows no H substance to be m a d e and
therefore A and B genes cannot be expressed[17].
The A, B and H antigens are detectable early in foetal life but become fully
developed on the red cells at birth[17]. The number of antigen sites reaches
adult levels between one and three years of age. They remain until old age,
w h e n there m a y be a mild reduction[18, 19].
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The high incidence and concentration of antigen, in blood and tissue, makes
the A B O system extremely important in transfusion. A B O antigens are
present on red cell membranes and other haemopoietic tissues and cells
throughout the body.

For example epithelium, bone marrow, kidneys,

lymphocytes and platelets[19]. They also exist as soluble substances in body
fluids.
The incidence of A B O groups varies markedly in different races and areas of
the world. A s mentioned above there are four main A B O h u m a n blood
groups: A , B, A B and O. Both A and B groups can be divided into subgroups. Eleven sub-groups of A have been described, most being rare. The
two most important are Ai and A2, the differences appearing to be in the
number of antigenic sites per erythrocyte. A B blood is divided into AiB and
A2B types. Subgroups of group B demonstrate a continuum in the number
of antigenic sites per erythrocyte and are less frequently detected [1].
Anomalies of antigenic expression can be found in haemopoetic disorders
or constant transfusion. Therapy m a y reduce/or mask the levels of antigens
and a reduction can occur in disease states.
The presence of anti-A and anti-B, both naturally occurring antibodies,-also
m a k e the A B O system important[17]. It is likely that the antibodies arise in
response to A and B like antigens on bacteria, viruses or animal molecules
which can enter the body in m a n y ways[13]. The antibodies are usually of
high molecular weight, predominantly IgM, however mixtures of IgM/IgG;
IgM/IgA or IgM/IgG/IgA have been demonstrated[19].
Anti-A and anti-B are first detected in children at 3-6 months of life, peak at
5-10 years, then decline with advanced age[4, 13, 15, 19]. The titre of anti-A
and anti-B can also vary in certain disease states. For example, anti-A and
anti-B are absent in individuals with the rare X-linked Wiskott-Aldrich
syndrome.
The antibodies are potential causes of life threatening haemolytic reactions
if incompatible transfusions are administered. The reciprocal antibodies are
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expected w h e n the antigen is not present. That is, a group A individual is
expected to have anti-B, group O individuals to have both anti-A and anti-B,
group B individuals to have anti-A and group A B individuals have no antiA or anti-B. Therefore, except in A B subjects, complete absence of anti-A
and anti-B is very rare in healthy subjects[15]- Generally, in whites, group O
individuals have higher titres of anti-A than group B individuals and antiA titres are higher than anti-B titres[13,17]
I m m u n e anti-A and anti-B, as opposed to naturally ocurring antibodies, can
arise after immunisation with suitable erythrocytes, blood group substances,
vaccination and use of inoculations for the prophylaxis of infections[13].
These antibodies can be a mixture of IgM, IgG and IgA.
A B O grouping of individuals, in a laboratory, requires confirmation of the
presence of A and B on the erythrocytes and testing the serum of the
individual for the naturally occurring antibodies of anti-A and anti-B[15].
Grouping erythrocytes is k n o w n as forward grouping and testing for
antibodies in sera is k n o w n as reverse grouping.
1.2.3.2. Rh Blood group system
The R h locus is on chromosome 1[4]. The exact genetic makeup of the R h
system has not been agreed upon. Recent work suggests there are only two
R h genes, one determining D and one determining C, c, E and e[20]. In 1991
Colin et al[21] confirmed that R h positive individuals have two R h genes, a
D and a C E gene, whereas R h negative individuals have only one, a C E
gene. The D coding gene is different to the gene coding CcEe and these two
genes encode for three polypeptides, D, Cc and Ee[2].
There are instances where the presence or absence of the gene is not
absolutely correlated with the expression of antigen at the phenotypic level.
For example, some Rh(D) negative individuals have portions of, or a whole
D gene. This m a y result from position effects or a genetic weakness of D[20].
In the 1940's Stratton discovered a weak form of the D antigen and called the
phenotype D u [22]. The D antigen has some thirty defined epitopes[23].
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W h e n erythrocytes lack one or more of these epitopes, individuals m a y
m a k e antibody against the missing epitope(s). These erythrocytes have been
described as D variants or partial D because there is an absence of part of the
D antigen mosaic.
The R h antigens are proteins, with no carbohydrate, and are a direct product
of the gene, unlike A B O antigens which are formed by the action of
transferases on a precursor substance and are mainly carbohydrate in
nature[2]. The frequency of expression of different R h antigens varies with
race. Radiolabelling studies have demonstrated that there are different
numbers of D antigen sites on erythrocytes with a different phenotype. For
example, phenotype CcDee has 9900-14600 D

antigenic sites whilst

phenotype CcDEe has 23000-31000 [20].
The R h blood group system is of major clinical importance because the D
antigen is so highly immunogenic[20]- Rh(D) is so highly immunogenic
because the polypeptide that carries D differs from the polypeptide without
D by at least thirty six amino acids[4], This is in sharp contrast to the
polypeptide that carries C or E, which only differs by four or one amino acids
respectively, to the polypeptide not carrying C or E.

The order of

immunogenicity is D > c> E> e> C[13].
Anti-D is mostly IgG in nature, so can cross the placenta, although
occasionally anti-D m a y be partly IgA. I g M anti-D is rare[13]. Occasionally
anti-D can be naturally ocurring.
It is therefore of vital importance to be able to determine accurately the R h
status of the individual. For example, if an Rh(D) negative mother is
pregnant with a Rh(D) positive baby any passage of foetal erythrocytes across
the placenta will induce a primary immunisation to the D antigen.
Frequently, in any subsequent pregnancy with a Rh(D) positive baby, a
secondary immunisation will occur leading to IgG anti-D crossing the
placenta and sensitising the foetal Rh(D) positive cells. In the worst case
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scenario the baby dies (hydrops foetalis) and the mother can never carry
another child full term.
For the work in this thesis only the Rh(D) antigen and antibody were
considered, not the other Rh antigens and antibodies.
1.2.4. The Human Erythrocyte
The antigens that act as binding sites for various antibodies and lectins are
located on the erythrocyte membrane, hence the h u m a n erythrocyte and the
erythrocyte membrane's relationship with the A B O and Rh(D) antigens are
reviewed.
The mature h u m a n erythrocyte is a solution of protein (95% haemoglobin)
and

electrolytes surrounded

by

a membrane

that functions for

approximately 120 days. It lacks cytoplasmic organelles, such as a nucleus,
mitochondria or ribosomes so is unable to synthesise n e w protein, undergo
mitosis or carry out oxidative reactions associated with mitochondria.
The erythrocyte is a biconcave disc of average diameter 7.5-8.0 (0.m. The
shape is necessary for optimal movement within the microvasculature in
order to fulfill the main function of oxygen transport. The normal discoid
erythrocyte possesses 4 0 % more membrane than is required to encase its
contents.
The phospho- and glycolipids are important for the structure of the
membrane hence are important in the maintenance of red cell shape [13].
The shape and deformability characteristics are dependent upon at least a
minimal level of ATP[1] and on the integrity of the cytoskeleton to which
the membrane is bound[24]. Forces that interact to produce this shape
include elastic forces within the membrane, surface tension, electrical forces
on the membrane surface and osmotic or hydrostatic pressures.
1.2.4.1. The erythrocyte membrane
H u m a n erythrocyte membranes are composed of 43.6% lipid, 49.2% protein
and 7.2% carbohydrate. The lipid portion is made of phospholipids (approx

3 0009 0 3 2 5 4 9 0 0 3
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60%), cholesterol and cholesterol esters (25%), glycosphingolipids (11%) and
glycerides and free fatty acids (4%) [24].
The m e m b r a n e proteins can be divided into the extrinsic proteins (20-40%)
located on the surface of the m e m b r a n e and intrinsic proteins (60-80%)
which are embedded in the membrane matrix and span the bilayer[15, 24].
The proteins are n a m e d on the basis of their position after sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE), The intrinsic or
integral proteins include band 3 and 4.5, glycoprotein, the anion transporter
and sialoglycoproteins (SGP) of the P A S bands 1 to 4[15]. Band 3 production
is encoded from a locus on chromosome 1, like the R h antigens [4]. Extrinsic
or peripheral proteins include the proteins of bands 1, 2, 2.1, 2.2, 2.3 4.1, 4.2, 5,
6 and 7[24].
Most nonskeletal proteins fulfill either enzymatic, transport or receptor
functions. T w o major non-skeletal proteins, band 3 and the glycosylated
glycophorins span the lipid bilayer and expose functionally different
domains on the outer and inner aspects of the membrane. Hundreds of
quantitatively minor glycoproteins stud the outer lamina of the erythrocyte
m e m b r a n e bilayer and extend their polar antennae outward. This gives the
red cells a high net negative charge and equips the cell with the surface
blood group antigens.

For example, fucose containing glycolipids, a

minority of these externalised polar groups, furnish the cell surface with
Lewis blood groups[25].
The antigenic determinants of the A B H blood group system are found on
the polysaccharide cluster attached to band 3.5. The A B O blood group
antigenic specificity is associated with the terminal, non-reducing ends of
the short chains covalently linked to the peptide.

The chains are

carbohydrate moieties composed of L-fucose, D-galactose, N-acetylglucosamine and N-acetylgalactosamine. The major determinants of A and
B activity are the moieties of N-acetylgalactosamine and D-galactose which
are necessary for expression of these antigens[26].
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The R h D polypeptide which spans the red cell lipid bilayer appears to
maintain erythrocyte stability in association with the lipids and to regulate
the cell volume. The ability to bind antibody by the Rhesus antigens
depends on the presence of bound phospholipid that contains at least one
unsaturated fatty acid, because the lipids orientate the R h protein allowing
antibody binding[24]. The specific R h antigens on the polypeptides do not
appear to have an independent functional role.
1.2.5. Blood Transfusion Testing
Blood transfusion has been m a d e increasingly safe because blood group
systems and their relationship to the i m m u n e response have been defined.
Techniques have been developed to separate, store and preserve blood.
Prior to infusion donor and recipient blood is tested for immunological
differences so there has been improved benefits from transfusion.
The modern era of blood transfusion w a s initiated by Landsteiner (section
1.2.1.), demonstrating the presence of A and B isoagglutinins in serum. The
first typing of patient and donor before blood transfusion w a s performed by
Rubern Ottenberg in 1907[27-29].

M o s s in 1910[30] demonstrated that

isohaemolysis w a s parallel to isoagglutination and this knowledge
permitted determination of blood groups by agglutination reactions. To this
day agglutination reactions are still used to determine blood groups.
O n e of the primary factors facilitating the expansion of knowledge of blood
group serology w a s the advent of the antiglobulin reaction first described by
Moreschi in 1908[31]. C o o m b s et al, in 1945[32], further developed this
reaction and to present day the indirect antiglobulin test is still performed
and referred to as the C o o m b s test. This pretransfusion testing, as it is
referred to, mitigates the risk of i m m u n e haemolysis following a blood
transfusion. That is, transfused erythrocytes have a longer time of survival
in the h u m a n body because of an understanding of these antibodies which
cause rapid removal of those transfused erythrocytes.
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The reaction between erythrocyte antigens and antibodies has been
previously detected by (i) direct agglutination which is usually suitable for
detection of only I g M antibodies; (ii) indirect agglutination (antiglobulin
test) for routine detection of IgG antibodies; (iii) radiolabelling antibody with
iodine 125 then measuring the quantity of isotope bound to cells; (iv)
enzyme coupling the antibody then measure the bound antibody-enzyme by
ELISA techniques and (v) solid phase systems where the antibody is bound
to a surface and the adherence of cells carrying the antigen to the bound
antibody is measured [15].
Today the main objective of pretransfusion testing is to determine the A B O
and R h status of both the donor and recipient and to undertake antibody
screening and compatibility tests which detect clinically significant
antibodies with relevant in vitro test methods. Tests are available which
use various incubation temperatures, saline, albumin, enzymes, synthetic
potentiating media and antiglobulin serum and will detect almost all I g M
and IgG antibodies present, however this results in testing procedures
becoming time consuming and will often detect and identify antibodies that
are benign in vivo.

Hence, in recent years most laboratories use an

'immediate spin' direct agglutination for detection of I g M antibodies and an
indirect agglutination (antiglobulin test) using low ionic strength saline
solution (LISS) or polyethylene glycol (PEG) for the detection of IgG
antibodies. These procedures are used to identify almost all antibodies that
would cause frank transfusion reactions and/or accelerated in vivo
clearance of transfused erythrocytes.
To further streamline pretransfusion testing by possibly allowing for
extended testing completed within the same time frame, the use of a
biosensor is proposed. That is, A B O and R h blood grouping plus multiple
pretransfusion antigen/antibody assays such as antibody screening, H I V and
hepatitis testing could be performed on a biosensor with individually
addressable sensors.

15
1.3. Biosensor overview
The use of a biosensor with a direct signal detection would reduce h u m a n
participation as it facilitates automation.

The challenge is to use the

biochemical sensing activity of the cell, whilst incorporated in an
appropriate electrical or optical device, to produce cost effective and robust
sensors. The use of biological receptors promises high sensitivity and
selectivity found in "living sense systems".
1.3.1. Biosensor Architecture
A n electrochemical biosensor would have the following components: a
biointeraction process generating or consuming electrochemical species
which produces an electrochemical signal measureable in turn by a
detector[33], Schematic 1.1.
Schematic 1.1.: A basic biosensor structure

TRANSDUCER

AMPLIFICATION OR
PROCESSING

OUTP
RESULTS

Biosensors can be divided into categories depending on the combination of
immobilisation and transducer technologies. The first biosensor reported in
the literature w a s by Clark and Lyons in 1962[34] w h e n they utilised
immobilised glucose oxidase on an amperometric p 0 2 electrode for the
detection of glucose.

These first biosensors were based u p o n an
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enzyme/metabolic sensor function where there was enzymatic action on the

analyte, then some product of that reaction was detected by their ion-sp
or gas-specific electrode transducer.

The second generation sensors were bioaffinity sensors based upon binding
interactions between the immobilised biomolecule and the analyte of
interest. The output signal was proportional to the binding event. The
second generation sensors were further divided into direct and indirect
biosensors. Indirect biosensors have an indicator enzyme bound to the
antibody in solution and the amount of binding quantitated by

measurement of the enzyme activity. A direct biosensor detects the bindin
event itself with the result being proportional to analyte-biomolecule
binding.
There has been many biosensor designs where different recognition
elements and different types of transducing systems have been employed,
Schematic 1.2. The most recent biosensor about to be released onto the

market is an ion channel switch biosensor[35]. This biosensor comprises o

bilayer of lipid molecules tethered to an electrode in which the switchin
mechanism is controlled by the formation and dissociation of protein
channel dimers located in each half of the bilayer.
Schematic 1.2 : Biosensor Transduction Systems
Recognition
Element

ion carriers
redox species
ligands
p H indicators
enzymes/
coenzymes
antigens/
antibodies
nucleic acids
membranes
cells
tissues

Transducing System

(Bio)chemical
Sensor

Optical

Electrochemical

absorbance/
reflectance
(UV-NIR-IR)
fluorescence
polarimetry
quenching
raman spectroscopy
surface plasmon
resonance
refractometry
turbidity
ellipsometry
polarimetry
photoacoustic
spectroscopy
phosphorescence

conductivity
potentiometry
amperometry
impedimetry
ISFET
resistometry
coulometry

Acoustic
surface acoustic
resonance

Mass
Piezoelectric crystals
other mass or density
based vibrations

Thermal
thermistor calorimetry
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The object of most blood grouping is to provide a qualitative answer, that is,
"is a particular antigen or antibody present or absent?" For blood grouping
or antibody screening to be determined using an immunosensor the antigen
or antibody is to be immobilised onto a solid matrix.

The antigen or

antibody to be determined is suspended in solution, reacted with the
complementary

matrix-bound

antibody

or

antigen

to

form

an

immunocomplex. The solid matrix must then be sensitive enough, in its
surface characteristics, to detect the immunocomplex, if a direct signal is to
be obtained.

This signal m a y be an alteration of the physical surface

properties of the polymer, such as electrode potential, the intrinsic
piezofrequency, alteration of the redox properties or the optical properties of
the polymer.

The recognition properties of antibodies, especially

monoclonal antibodies, should provide excellent selectivity in the
development of the sensing technology.
The w o r k undertaken in this thesis involved, incorporation of the
biological component, h u m a n erythrocytes, into an electrically conducting
polymer, polypyrrole. The response of the antigens on the erythrocytes
within the polymer matrix w a s monitored w h e n an antibody w a s presented
into the environment. W h e n test erythrocytes are incorporated into the
polymer and k n o w n antisera (for example anti-A, anti-B or antiserum to
any antigen of other blood group systems) is reacted this equates to a forward
blood group which will determine the presence or absence of the A and B
antigens on those test erythrocytes. Alternatively, in future work, k n o w n
antibody will be incorporated into the polymer matrix and a response will be
measured to the presence of erythrocytes in the environment and this will
also correlate to the forward blood grouping. The choice to incorporate
erythrocytes into the polymer and react with k n o w n antibody or to
incorporate k n o w n antibody into the polymer and react with erythrocytes
will ultimately depend on the intensity, sensitivity and specificity of the
signal response and/or the stability of the incorporated element.
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A s discussed previously, in the A B O system there are naturally ocurring
antibodies, anti-A and anti-B. Hence, w h e n an A B O grouping is requested,
the test erythrocytes are checked for the presence of A and B antigens and
the patient's sera is tested for the presence of anti-A and anti-B. W h e n
erythrocytes of k n o w n A B O blood group are incorporated into the polymer
and reacted with h u m a n (patient's) serum this is equivalent to reverse
grouping and will determine the presence or absence of anti-A and anti-B.
1.3.2. Electrically Conducting Polymers
Conductive electroactive polymers (CEP's) are a class of polymers that
include polypyrrole[36]. Polypyrrole was prepared first as a powder in 1916
but the anodic oxidation of pyrrole to form an electrical conducting
polypyrrole was first reported by Diaz in the mid 1970's[37].
Initial attention focused o n the physical, electrical and mechanical
properties of the polymer but more recently these materials have been
considered attractive for use in chemical separations and sensing[37].
Polypyrrole is a polymeric material that is formed from pyrrole which is
soluble in aqueous solutions at neutral p H . This provides considerable
flexibility in the biological structures which can be incorporated[38].
Polypyrrole is also a conducting polymer that provides a means by which a
direct electrical signal m a y be produced following antigen-antibody
interactions.
Therefore, potential applications of electroactive polymers range from thin
film amperometric chemical and biological sensors and indicators,
electrodes for electrocatalytic systems, drug delivery devices and advanced
battery systems and redox capacitors, electromechanical actuators,
electrochromic w i n d o w s and displays through to molecular electronic
devices[39]. Conducting polymers have proven versatile materials that can
be configured in m a n y forms such as coatings, free standing films or
colloids.
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1.3.3. Immobilisation of the Biological Component
Development of sensing technologies based on polypyrrole, has utilised the
incorporation of appropriate dopants (A"), into the polymer. This is usually
achieved at the point of synthesis, according to Equation 1.1.

\NX oxidise A^N^A
H

H

Equation 1.1

For detection of simple anions the dopant of choice can be as simple as
chloride or nitrate[40, 41]. Detection of cations requires incorporation of a
less mobile dopant such as paratoluene sulfonate[42, 43] or even a
polyelectrolyte [44, 45]. These detection systems are based on the inherent
ion-exchange characteristics of conducting polymers and the ability to
control such interactions electrochemically.
A n alternative approach is the incorporation of functional dopants capable
of imparting molecular recognition capabilities to the polymer structure.
For example, metal complexing agents[46, 47] and even antibodies[48, 49]
have been incorporated.

E n z y m e s that provide specific interaction

mediating recognition as well as the signal generation capabilities have also
been incorporated[50, 51] or covalently attached[52, 53] to conducting
polymers.

The analytical signal is generated as a consequence of the

enzymatic reaction. This m a y be by direct detection of an electroactive
product such as hydrogen peroxide (as with the glucose example) by
monitoring the depletion of oxygen (as with glucose oxidase) or a change in
p H . The latter m a y be monitored with CEP's since the polymer conductivity
is p H dependant[54].
A number of workers have been interested in attaching whole living cells to
electrode surfaces to form sensors[55-57].

Advantages of immobilising

whole cells compared to enzymes is the elimination of tedious extraction
and purification steps and cofactors are not required. Whole cells m a y
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perform multistep transformations that m a y not be possible to achieve with
single enzymes [58].
The majority of work in this area involves immobilised microorganisms.
Microorganisms have been pregrown onto trimethylamine, enabling the
monitoring of fish quality[59]. Microorganisms have also been immobilised
onto a reactor column then used to determine the metabolic effects of
aromatics[60]. Eukaryotic cells and tissues have been immobilised also.
Banana tissue w a s incorporated onto a carbon paste electrode and used to
detect constituents in urine[61], whilst potato and horse radish root were
packed into reticulated vitreous carbon electrodes and used for detection of
dopamine with H 2 O 2 [62].
Immobilisation of whole cells or intact cell components, however, does
require rigourous control of the environment since that phase must be
isotonic with the cell if the membrane is to remain intact. A non-aqueous
immobilisation process is incompatible with cell integrity.
Cells are most commonly attached to the polymer surface by being held
physically behind a m e m b r a n e using alginate or by chemical binding via
intermediate linkage such as glutaraldehyde crosslinks[55, 56]. The former
attachment technique does not provide adequate adhesion to metal or other
surfaces necessary for sensor technology whilst chemical methods often
cause loss of biological activity. Entrapment of cells in pre-polymerised
photo-crosslinkable resins based on hydroxyethylacrylate and poly(ethylene
glycol) or poly(propylene glycol), where the matrices can be altered via
changes in the hydrophobic-hydrophilic balance and in the ionic nature[63].
Other entrapment in biological substances, such as agar and collagen[64],
restrict the desorption of the organisms but allow access to substrates and
oxygen. Synthetic support matrices using acrylamide have also been used
but they tend to deactivate cell activity due to toxicity of the m o n o m e r and
even prepolymerisation of polyacrylamides can still lead to s o m e
deactivation[57], Photosynthetic bacteria have been entrapped in an aqueous
emulsion, containing methyl-methacrylate, methacrylic acid, sodium
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methacrylate and butyl acrylate with polyvinyl alcohol used as the
emulsifier, and subsequently coated onto a metal electrode.

Emulsion

polymers are often unsuitable for immobilisation of whole cells because the
polymers are p H sensitive [65].
To date only a limited number of studies considered the incorporation of
intact cells into conducting polymers during polymerisation.

Minced

banana tissue w a s co-polymerised with pyrrole and this used to detect
dopamine via phenyl oxidase activity in the banana tissue[66]. There have
been no studies on incorporation of individual h u m a n or animal cells.
In this work intact h u m a n erythrocytes were employed because of the wide
biomedical usage of blood grouping and the variety of recognition elements
on the erythrocyte membrane. To date, there has been no biorecognition
element prepared that carries all the blood grouping antigens that need to be
used to identify antibodies in h u m a n blood serum. H u m a n blood group
substance of the A B O system has been immobilised in a membrane matrix
of cellulose triacetate by incorporation of total erythrocyte lipid[67]. Changes
in m e m b r a n e potentials resulted after antigen-antibody binding.
1.3.4 .Signal transduction
Once polypyrrole polymers containing erythrocytes have been synthesised a
signal must arise following antigen-antibody binding. CEP's differ from
conventional polymers in two respects.

Firstly they are electronic

conductors of current. Secondly the polymers are redox polymers that can
be switched electrochemically or chemically between electronically
insulating reduced and electronically conductive oxidised states, Equation
1.2, where A " is the incorporated anion. Changes in any of the electrical
parameters can be used to instigate this process.

.Equation 1.2
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This redox process is essential to the proposed blood grouping application
involving the polypyrrole polymers containing erythrocytes.

A s the

polymer is being oxidised and reduced antigen-antibody binding m a y induce
changes in electrical properties of the polypyrrole that induce either a flow
of current, a change in resistance, a mass change, an exchange of ions or an
alteration in the optical properties of the polymer, from which a direct
electrical signal can be generated. That is, the polypyrrole converts the
biological signal into a suitable physical signal that can be detected,
processed, analysed and displayed.

The transduction mechanism, is

therefore responsible for the response function of the biosensor as it relates
the concentration of a species in the sample to the output signal.
The flexibility of design of polypyrrole polymers arises because the polymers
can be formed and modified electrochemically under various conditions.
This allows them to be used in several transduction m o d e s which detect
these generated currents or altered polymer states. That is, polypyrrole can
be prepared with a high conductivity and used in an amperometric sensor
or alternatively the thickness of polypyrrole deposition can be controlled
which is m o r e attractive for use as a potentiometric sensor.

A brief

description of some polypyrrole transduction modes and h o w they m a y or
m a y not be applicable for use in a blood grouping biosensor are discussed.
1.3.4.1. Potentiometric Sensor Systems
The basis of potentiometric analysis is the measurement of a generated
potential at an electrode with respect to a reference electrode, such as
Ag/AgCl. N o external potential is applied. In a potentiometric type sensor a
local equilibrium is set up at the sensor interface and the m e m b r a n e or
electrode potential is measured.

The potential is related to antigen or

antibody concentration by a logarithmic function.
W h e n polypyrrole polymers are placed into an electrolyte solution the
potential is a mixed potential, dependent u p o n both the electron and ionexchange processes at the interface[68]. Electropolymerisation of pyrrole to
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propagate the polypyrrole lattice involves the exchange of electrons whilst
the insertion of the counterions to maintain electroneutrality of the
polymer backbone involves ionic exchanges. Therefore charge transfer
processes are governed by electronic and ionic transport processes within the
polymer and the electrode/polymer and polymer/solution interfaces.
Potentiometric devices utilise (i) ion-selective electrodes to detect ions,
produced or consumed by an enzyme reaction or (ii) measures deviation in
the m e d i u m

reducing

oxidation

potential.

For

potentiometric

measurements to be useful for blood grouping the potential must develop
w h e n antibody binds to the antigen in the polypyrrole matrix.
Direct potentiometric immunosensors have advantages of simple-handling
and that there is no net consumption of material mass transport becomes
less important and the sensor does not perturb the analyte concentration.
However, those developed to date have problems with slow responses
and/or low sensitivity. Selectivity has been increased by coupling arrays of
selective electrodes with a chemometric approach[69].
A disadvantage of using potentiometric immunosensors is that there has to
be a local thermodynamic equilibrium at the electrode interface if there is to
be accurate information about the concentration of the antibody or antigen
in solution, hence the electrode kinetics needs to rapid.

Another

disadvantage arises from the exponential dependence of the antigen or
antibody concentration on the electrode potential. A n y changes in potential
tend to be small (l-5mV) therefore small errors in electrode potential can
give substantial errors in antibody or antigen concentration or there are
problems associated with background interferences[70, 71].
1.3.4.2. Amperometric Sensor Systems
Amperometric methods are based on measuring current that is produced at
a working electrode poised at a defined potential. That is, an externally
applied electrode potential is used to drive the electrode reaction and the
current resulting from that reaction is monitored.

A linear relationship
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exists between the concentration of the antigen or the antibody and the
current generated.
Amperometric measurements can be either dynamic or steady state
responses. The steady state response occurs as a step variation in current
between the baseline and plateau, reached after addition of the reactants to
the electrochemical cell. The dynamic response is obtained by monitoring
the first derivative of the signal. The peak height is proportional to the
concentration of reactants in the same range of concentration[72].
There are m a n y

ways

to implement

immunoassays

based

upon

voltammetric detection, depending on electrochemical technique, label and
assay format[73]. The waveforms of four of the most c o m m o n excitation
signals used in voltammetry are (i) linear scan, (ii) differential pulse, (iii)
square wave and (iv) triangular wave.
The simplest form of signal generation involves imposition of a D C
potential which initiates oxidation or reduction of the trapped, immobilised
species.

In a blood grouping biosensor, if the immunocomplex

was

oxidisable or reducible at polypyrrole surfaces then direct electron transfer
could be used to detect the immunocomplex.
Cyclic voltammetry uses a repetitive triangular waveform which causes the
potential of the working electrode to sweep back and forth between two
designated potentials. A current is still produced that can be monitored at
the working electrode with respect to a reference electrode.

In cyclic

voltammetry the polymer switches from a conducting oxidised state to a
non conducting reduced state. A direct blood grouping sensor would
require an alteration in the amount of current generated w h e n the
polypyrrole containing the erythrocytes is switched, from the oxidised to
reduced state in the presence of antibody, as opposed to w h e n the polymer
containing erythrocytes is switched with no antibody present.
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1.3.4.3. Conductivity or Resistance Measurements
Conductivity measurements m a k e it possible to monitor reactions which
alter the overall conductivity of the solution either by producing or
consuming ionic species[74]. The resistance of the solution is determined by
measuring ion mobility, which involves migration of all ions that are
present. Thus, the signal can be obtained from changes in the conductivity
of the bulk solution, the chemical modulation of the contact resistance or
from

the modulation

of the polymer

surface or the interfacial

conductivity [68].
Conductance is heavily dependent on the concentration of counterion
incorporated into the conducting polymer[74]. Electronic conductivity of a
polypyrrole polymer changes several orders of magnitude in response to
changes in p H and redox potential of their environment [75].
Previously, changes in capacitance or changes in resistance have been
related to the combination of antigen and antibody. The analytical signal
w a s generated by application of a sinusiodal waveform to the electrode and
monitoring the charging current which is related to the capacitance. In situresistance measurements based on cyclic resistometry can also monitor
changes in the polymer resistance at various potentials.
This type of measurement is traditionally considered relatively nonspecific^] but w h e n the antigen-antibody binding is extremely specific and
this induces changes in conductivity or resistance of the polypyrrole
polymer then that change becomes specific for that binding event. For
example, if the immunocomplex changes the resistance of the polypyrrole
matrix compared to the changes in resistance observed w h e n no antibody is
present then the alteration to the resistance would be specific for the
immunocomplex.
1.3.4.4. Mass sensitive mesurements
Often piezoelectric transducers are used in detection of mass changes. There
is a linear relationship between the change in mass and the change in the
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oscillating frequency of the crystal, providing that it has been ascertained
that the Sauerbrey equation is valid[68].

That is, contributions to the

frequency shift other than mass loading are negligible.
Piezoelectric immunosensors include ST-cut quartz surface acoustic wave
( S A W ) devices.

The main problem with using such devices is that

dampening of the crystal response occurs in aqueous medium. There are
devices available that can operate in liquids with a frequency discrimination
limit of 0.1 H z , so the detection limit is about 10"10 to 10'11 gm. Acousitc
plate m o d e ( A P M ) immunosensor devices, where the interdigitated
transducers were deposited in the lower face of a 1 m m thick Z-cut Apropagating lithium niobate crystal and the biological layer on the upper
face have also been exploited [76].
A direct blood grouping biosensor would involve detection of a mass
change of the exposed polypyrrole layer that could be converted into an
electrical signal. For example, a mass change m a y occur w h e n antibody
binds to the antigen, or alternatively mass changes maybe induced because
there is an alteration in the ion m o v e m e n t info and out of the polymer
once the antigen/antibody immunocomplex is formed.
For conventional antigen-antibody interactions on thin substrates, detection
limits of nanomolar to picomolar concentrations have been described with
the use of 'ideal' test samples[71]. W h e n normal clinical test specimens,
using serum, are used instead of purified antibody proteins or other
substances present in serum m a y also adhere to the mass measuring device
in addition to antibody. The antigen-antibody reaction m a y be difficult to
distinguish from the mass of these other substances, as they are high
molecular weight molecules.
1.3.4.5. Calorimetric measurements
A calorimetric sensing device measures the concentration of chemical
species by recording a change in temperature due to the presence of that
chemical species[74]. For this measurement to be useful for blood grouping,
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the binding event between the antigen and antibody must be an
endothermic or exothermic reaction that results in a temperature change.
Alternatively, the binding event m a y induce changes in the thermal
conductivity of the media because of a temperature gradient between the
transducer and the surrounding media.
1.3.4.6. Optical measurements
There is a wide range of optical methods available which are divided into
linear optical p h e n o m e n o n or nonlinear optical phenomenon.

Linear

optical phenomenon includes adsorption, fluorescence, phosphorescence,
polarisation, rotation and interference. Nonlinear optical phenomenon use
second harmonic generation. The choice of a particular method ultimately
depends on the nature of the application, although n o w fibre-optic
technology has been coupled to these methods there is increased versatility
with the required sensitivities[74].
The signal can be generated using total internal reflection (TIR),
ellipsometry, light scattering and surface plasmon resonance (SPR). SPR has
been used as the basis for signal transduction to measure events such as
antigen-antibody binding[74, 77], however the penetration depth of the
evanescent w a v e (approx lOOnm) is approximately the same order as the
size of the immune-complex, so only surface bound

complex is

measured[76]. For reverse blood grouping the antigen is situated on the
erythrocyte, which is thicker than lOOnm, so there would be a reduced
possibility of measuring the immunocomplex using this system.
1.3.5. Immunobiosensor Operational Requirements
A n operational biosensor must be application orientated, with the
possibility for the technology to become expanded for commercial use across
m a n y disciplines. Functioning biosensors will find application across a
broad spectrum of complex markets. Clinical diagnostics is considered the
largest and most lucrative market. H u m a n health care operates at m a n y
different levels, from the doctor's surgery to the large pathology service

28

centre laboratories. Other potential market sectors include animal health,
agriculture, food, chemical processing and environmental monitoring.
The interest, in developing an immunobiosensor based u p o n antigenantibody recognition causing an electrochemical signal is that it will enable
compatibility testing of blood between a donor and recipient to be performed
by relatively unskilled personnel.

A

key feature required of the

immunobiosensor is the ability to selectively and specifically measure small
quantities of either antigen or antibody in a very short time period. It must
be fully automated and it must have a certain term of stability but also not
be affected by fouling.
For practical purposes biosensor technology needs to be simple to operate,
require little or no sample pre-treatment and provide precise analytical
information. Most blood analyses, such as blood grouping, are performed in
well-equipped, well-serviced laboratories by highly skilled staff. In recent
years there has been a trend towards development of alternative-site
analyses which m a y b e the hospital ward, doctor's surgery or even the home.
For realisation of this kind of diagnostic testing there is a need for "rapid but
high quality individual tests being performed by relatively unskilled
personnel in dispersed environments" [76].
1.4. Outline of the Work
The aim of this w o r k w a s to incorporate biological molecules, h u m a n
erythrocytes, into an electrically conducting polypyrrole matrix.

The

polypyrrole matrix would then be characterised using haematological,
immunohaematogical and electrochemical techniques.

This polymer

matrix or biosensor surface would then be used to generate a signal based
upon specific A B O and R h antigen-antibody binding reactions, as outlined
in Schematics 1.3 and 1.4.

Schematic 1.3: Biosensor surface + interaction + signal generation = blood
antigen/antibody screen.
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Schematic 1.4: Pyrrole + R B C + supporting electrolyte = Biosensor surface
Part O n e of the thesis details construction of the biosensor surface.
Schematic 1.4 describes h o w the biosensor surface is synthesised from from a
feed m o n o m e r solution containing pyrrole, erythrocytes and a supporting
electrolyte, Chapter 4. The individual and combined effect each ingredient
of the feed m o n o m e r solution has on the viability of the erythrocytes is
discussed in Chapter 3. The resulting biosensor surface, a conducting
electroactive polypyrrole matrix with incorporated h u m a n erythrocytes
requires storage, discussed in Chapter 5, and electrochemical characterisation
of the polymer as well as characterisation of the incorporated erythrocytes
are discussed in Chapter 6.
The function of the biosensor surface, Schematic 1.3, which contains
erythrocytes will be to detect A B O and/or R h antigen-antibody binding, Part
T w o of this thesis. Possible methods of signal transduction are discussed,
Chapter 7, as an introduction to signal generation.

Validation of the

integrity of the antigens within the polymer matrix, Chapter 8, w a s
established using ELISA techniques and the generation of a direct electrical
signal using the constructed biosensor surface is shown in Chapter 9.
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CHAPTER 2
STANDARD EXPERIMENTAL TECHNIQUES
2.1 Introduction
This thesis combines two distinct and previously unrelated disciplines of
science; haematology and electrochemistry.

This chapter is designed to

provide a list of the standard instrumentation required and very basic and
general backgrounds on the techniques used throughout this work. The
first part deals with the electrochemical setup and techniques for the
haematological readers and the second part deals with the haematological
techniques for the electrochemists. The precise methodologies are discussed
in detail in the appropriate sections in each Chapter.
Polypyrrole polymers are synthesised and electrochemically characterised in
an electrochemical cell. This electrochemical cell and the components that
m a k e u p that cell are described here. Polypyrrole can be synthesised
electrochemically by different deposition procedures, which are also
discussed here.

O n c e synthesised, the polypyrrole polymers are

electrochemically characterised. Characterisation of the polymers is required
in order to understand the electrochemical processes occurring at the
electrode and hence is invaluable in assessing the polymers for their
potential to produce a selective signal.
The haematological techniques that were used to determine the state of the
erythrocyte and the integrity of the antigens throughout the construction of
the biosensor are described. This w a s important because any deleterious
effects o n the erythrocytes or the antigens that rendered them nonfunctional would also render the immunobiosensor non-functional.
The majority of the haematological techniques are solution based
techniques and were used to study the erythrocyte integrity in the m o n o m e r
feed solution, in the bulk solution pre and post polymerisation and then
were used to help quantitate the amount of incorporated erythrocytes. The
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functionality of the antigens o n the erythrocytes within the polymer matrix
w a s determined using an ELISA based assay (Chapter 8).

ELECTROCHEMICAL TECHNIQUES
All electrochemical cells are considered as the combination of two half cells,
with each of the latter represented by a half-reaction written as a reduction,
Equation 2.1, where ne is the number of electrons.
oxidised 4- ne"

*-

reduced
Equation 2.1.

A n electrode potential is a measure of the extent of which the existing
concentrations in a half cell differ from their equilibrium values. In a
simple system, like depicted in Equation 2.1, oxidation or reduction at a
finite rate can be acheived by bringing the electrode potential slightly below
or above the equilibrium potential. If the oxidised and reduced species
involved in an electrode reaction are in equilibrium at the electrode surface,
that is for every molecule of oxidised species consumed a reduced species is
formed, the reaction is reversible and the Nernst equation, Equation 2.2, can
be applied[78].

E = E° + RT
nF

In [ox]
[red]
Equation 2.2

The Nernst equation relates the potential generated by an electrochemical
cell to the activities of the chemical species involved in the cell reaction and
to the standard electrode potential, E°, which is the value of the potential
relative to the standard hydrogen electrode w h e n the activities of all species
are unity[79-82], (n is the number of moles of electrons transferred through
the external circuit for the reaction).
A s in all electrochemical phenomena, the overall kinetics is the resultant of
the kinetics of mass transfer and of charge transfer. A process of chargetransfer occurs at each of the electrode/electrolyte interfaces. The term
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reversible is used to emphasise that the electrode reaction is intrinsically fast
and controlled in its rate solely by mass transfer[83].
M a n y variables can affect electrochemical processes.

These variables

include: (i) mass transfer variables, such as concentration of electroactive
species, adsorption, convection or diffusion, (ii) solution variables, such as
the concentration of electrolytes, the solvent used, the bulk solution
concentration or the concentration of other species present, (iii) electrical
variables such as potential, current or the quantity of charge (iv) the
electrode itself (that is the material used, the surface area, the geometry or
surface condition of the electrode) and (v) external variables such as
temperature, pressure and time.
It is therefore important to design an electrochemical cell such that the
solution conductivity is high, the electron transfer is fast and reversible and
is not complicated by associated chemical reactions. The solution should
contain a large excess of an inert electrolyte (supporting electrolyte) to
ensure the double layer is compact thus minimising ohmic drops in the
electrolyte and that the electric potential is nearly constant throughout the
solution, thus minimising electric migration effects.
2.2. Electrochemical cell design
Polymers were formed using a potentiostat/galvanostat (an external voltage
source), model 363 E G & G Princeton Applied Research (Urbane, IL), and a
three electrode cell, Figure 2.1. All data w a s collected on a M a c L a b using
Chart 3.2 or Electrolab 1.1 software (ADInstruments, Sydney, Australia) with
an Apple Macintosh computer. Data w a s analysed using Igor software
(Wavemetrics, Lake Oswego, O R ) .
The auxiliary electrode w a s reticulated vitreous carbon; the reference
electrode w a s A g / A g C l and freshly cut gold mylar[84] w a s used as the
working electrode (8 cm 2 ).
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C , unlvariostat
Salt bridge
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Ag/AgCl
Reference
Electrode
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Gold working
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R V C auxiliary
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Solution

Figure 2.1: A n electrochemical cell as used to grow polypyrrole composites by
galvanostatic deposition.

2.2.1. Working electrode
The working electrode is the electrode at which the formation of the
polymer occurs. The electrode should be chosen with the intended post
polymerisation application in mind because that electrode will be present
unless one can prepare free standing films. For example, a light microscope
image of the erythrocytes incorporated into the polymer could be taken post
growth, if the electrode w a s transparent. Consequently, gold coated mylar
w a s used.
The surface of the gold prior to, during and even after the electrode reaction
can play an important part in the reproducibility and quality of the polymer
produced. Gold m a y have adsorbed hydrogen films on the surface or m a y
have different oxidation states with day to day variability depending upon
the storage conditions[85]. Pretreatments of the gold surface were therefore
investigated and compared to untreated gold film, Chapter 4.
2.2.2. Reference electrode
A reference electrode (ref) is incorporated to provide a stable standard
voltage reference for accurate measurement of potential.

That is, the

reference electrode is used to maintain the potential of the working
electrode at the desired value. The difference in potential between the
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working electrode and the reference electrode is k n o w n as the working
potential[86]. The working potential is measured during polymerisation
and characterisation of the polypyrrole. The potential between the working
electrode and the auxiliary electrode is strongly influenced by the
composition of the polymerisation solution hence a potential difference
between reference and working electrode m a y differ significantly to
measuring the potential difference between the working and auxiliary
electrodes.
The reference electrode should be easy to assemble, be reversible and obey
the Nernst equation, return to its original potential after passages of small
currents, exhibit little hysteresis with temperature cycling and remain
completely insensitive to changes in the composition of the solution during
the analysis[87].

No

reference electrode completely meets these

requirements but the silver-silver chloride (Ag/AgCl) electrode is
considered to be a good reference electrode. It consists of a silver electrode
immersed in a solution of KC1 that is also saturated with silver chloride. It
has a potential at 25 °C of + 0.197V or at 20 °C of +0.204V with respect to the
standard hydrogen electrode[87].
The reference electrode is placed into a salt bridge to prevent the
components of the polymerisation solution from mixing with the reference
and

to minimise any junction potentials that m a y

occur at the

solution/solution interface[87]. In this w a y a salt bridge helps to prevent
fouling of the reference electrode. Fouling of the reference electrode surface
would reduce the response of the electrode and increase the noise in the
response [86].
Potential measurements will indicate variations in conditions as long as the
positioning of the reference and working electrode remains constant. The
resistance in the electrochemical cell can be reduced by placing the working
and auxiliary electrodes as close to each other as possible, provided products
from side reactions at the auxilliary electrode do not contaminate the
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solution, or by using high concentrations of inert electrolyte in the
m o n o m e r solution.
2.2.3. Auxiliary electrode
The

auxiliary

electrode

serves

to

conduct

current

from

the

potentiostat/galvanostat through the solution to the working electrode[88].
Reticulated vitreous carbon (RVC), an open pore glass-like carbon, was used
because it has a large ratio of surface area to volume.
Since the cell design used had only one compartment or w a s undivided,
care w a s taken that products formed at the auxiliary did not interfere with
the phenomena being studied at the working electrode[89]. Current flows
between the working electrode and the auxiliary electrode. The auxiliary
electrode will oxidise or reduce whatever is present in the electrolyte in
order to generate the current needed to maintain the potential applied
between the reference electrode and the working electrode. For this reason
the auxiliary electrode should have a m u c h larger surface area than the
working electrode so that the current density becomes smaller at the
auxiliary electrode.
The potentials that are reached during polymerisation of polypyrrole
polymers are most often less than 1.0V (vs Ag/AgCl) and because the time
of polymerisation used in this application is short (less than 60 sees) the
possibility of any of these products interfering with the polymer
polymerisation w a s negligble.
2.3. Electrochemical Polymer Synthesis
The three electrode cell design allows for the electrochemical deposition of
polypyrrole via any one of three methods: constant current (galvanostatic
growth), constant potential (potentiostatic growth) and cycling between
potentials (potentiodynamic growth).
In all three methods of deposition the morphology and thickness of the
polymer will be influenced by the choice of solvent, the incorporated anion,
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the electrochemical conditions, any side reactions occurring in the
electrochemical cell and the nature of the electrodes[49, 87, 88]. The
electrode material and composition of the solution will influence the range
of potentials or current densities used during deposition.

Generally,

positive potential limitations are caused by the large currents that develop
due to oxidation of water to give molecular oxygen, whilst negative
potential limitations are caused by the reduction of water to give
hydrogen[88].
2.3.1. Galvanostatic polymerisation
Galvanostatic polymerisation involves the application of a constant current
between the working and auxiliary electrodes. Current flow is maintained
by the oxidation of m o n o m e r to form polymer at the working electrode,
described in detail in Chapter 4 (Synthesis). If an oxidising current flows at
the working electrode an equal and opposite reducing current must flow at
the auxiliary electrode.
Galvanostatic deposition is the most commonly employed technique for
polymerisation because it affords greater control over the rate and extent of
the polymerisation reaction and therefore over the amount of polymer
deposited. The rate can be controlled so that the reproducibility of a thin
film of polymer is improved.
The disadvantages of galvanostatic deposition include poor control of the
deposition potential and therefore overoxidation of the polymer m a y
occur[90].

Galvanostatic polymerisation cannot be used if any of the

components of the m o n o m e r feed solution is oxidised at a potential less
anodic than the potential needed

to initiate the m o n o m e r itself.

Potentiostatic polymerisation should then be used.
2.3.2. Potentiostatic polymerisation
Potentiostatic polymerisation involves application of a constant potential
between the working and reference electrodes. This m o d e is the optimal
method for producing homogeneous films as the thickness of the polymers
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can be controlled by measuring the charge transferred during polymer film
formation. This can be recorded as a chronoamperogram (that is a current
measured with time profile). During potentiostatic growth the current
increases as the polymer is formed due to an increase in the surface area of
the electrode[90].
The applied electropolymerisation potential has an important effect on the
average length of the polymer chains[90]. At the appropriate deposition
potential, electropolymerisation is localised close to the surface hence
localisation is independent of the size or geometry of the electrode
surface[90], w h e n a macro-electrode is employed.
2.3.3. Potentiodynamic Polymerisation
Potentiodynamic polymerisation involves "cycling the potential between an
anodic limit of radical cation formation and a cathodic limit more negative
than the reduction of the conducting polymer film" [90].
This m o d e is useful to determine the o p t i m u m m o n o m e r oxidation
potential. The charge transferred during polymer formation is, however,
difficult to determine. The polymer is formed at the oxidising potentials but
is also being reduced at reducing potentials. The films formed tend to have
lower conductivity than the films polymerised via the other two methods
and often have poorly defined voltammetric properties[91].

2.4. Electrochemical Techniques Used For Polymer
Characterisation
2.4.1. Chronoamperometry
Chronoamperometry involves measurement of a resulting current as a
function of time whilst applying a constant potential, Figure 2.2. If the
potential is large enough so that the current is almost completely controlled
by diffusion, the current-time (i-t) transient is described by the Cottrell
equation[92], Equation 2.3. Thus the current decays in relation to l/ti/2.
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= nFAD m C 0

i
Equation 2.3.

In an electrochemically reversible situation, or Nernstian regime, a plot of i
versus ti/2 will be linear at short times, and useful parameters such as n and
D (the diffusion coefficent), can be obtained from its slope for the electrode
process of interest[78]. At longer times the value for D obtained from the
Cottrell slope contains an enhancement factor brought about by any
mismatch between the rates of electroinactive counterion displacement and
electron hopping[93].
The charge transferred during polymer film formation, using potentiostatic
growth, can be measured (i) by recording a chronoamperogram and
integrating the current recorded during polymerisation (area under the
curve in Figure 2.2.) or (ii) with a coulometer attached, monitoring the
charge passed during growth.
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Figure 2.2. A chronoamperogram (current vs time response) of a pp/PVS/erythrocyte
polymer.
2.4.2. Chronopotentiometry
Chronopotentiometry involves measurement of a resulting potential as a
function of time whilst applying a constant current, Figure 2.3. The applied
current, in chronopotentiometry, intiates electro-oxidation/reduction of
electroactive species in the polymerisation solution. A s the species are
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oxidised/reduced the measured potential changes reflect the changes in the
concentration of the redox species.
T h e charge can be calculated b y using Equation 2.4, since both the current
m a g n i t u d e (which is constant) a n d the time are controlled precisely. Q is
charge, i is current and t time.
Equation 2.4:

Q = it.
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Figure 2.3. (a) a chronopotentiogram (potential vs time response) of a
pp/PVS/erythrocyte polymer and (b) a typical cunent step waveform.
Chronopotentiograms are a graphical representation so are useful to obtain
qualitative information. If the potential remains constant after the initial
potential spike, it can be inferred that the polymer is allowing current to
flow across the interface, so n o increase in resistance to the circuit is
observed, a n d the resultant polymer is conducting. Increased resistance in
the cell u p o n polymer formation, indicated b y a rising potential throughout
polymerisation, can indicate the formation of a non-conducting polymer, or
that overoxidation of the m o n o m e r has occurred. If the oxidising potentials
exceed the overoxidation potential, exceedingly high potentials (often
greater than 2 V ) are reached during deposition.
2.4.3. Cyclic Voltammetry (CV)
Current versus applied potential is the m o s t c o m m o n format for the
presentation of electrochemical data, and is k n o w n as voltammetry[94]

A

40

C V 2 7 v o l t a m m o g r a p h w a s used to obtain all voltammetric data (Bio
Analytical Systems (BAS), Lafayette, P A ) . All experiments were performed
in the three electrode cell design.
A symmetrical triangular potential waveform, Figure 2.4a, is applied to the
stationary working electrode at a constant rate in an unstirred isotonic
solution (0.15M NaCl). T h e current-potential profile is recorded, Figure 2.4b.
"The resulting current-potential curve, or v o l t a m m o g r a m , is in essence, the
electrochemical equivalent of a n adsorption spectrum obtained b y
conventional spectroscopic techniques[95]."

potential

\zs.
Time

Symmetrical triangular waveform

(a)

-0.8

-0.6
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r
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(b)

Figure 2.4. (a) a typical triangular waveform used in cyclic voltammetry and (b) a cyclic
voltammogram (current vs potential) of a pp/PVS/erythrocyte polymer using a scan rate
of40mV/sec.
T h e scan rate is the slope of the potential w a v e f o r m a n d expressed in
mV/sec[95], and is set so the electrochemical response at the electrode has
time to occur but not so l o w (less than 1 m V / s e c ) that it is difficult to
prevent s o m e convective mixing in the diffusion layer[96]. It is desireable to
minimise solution resistance b y cycling polymers in solutions, of l o w
dielectric constant, with concentrations of at least 0.1M a n d higher. For
polymers containing erythrocytes the cycling solution w a s required to be
isotonic (0.15M) so that the erythrocytes remained intact.
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The initial potential (Ei) is chosen so there are no faradaic processes
occurring. For polypyrrole, Ei is around +0.15 ± 0.05V vs Ag/AgCl. The
potential is then cycled between set upper and lower potentials, with the
initial direction being anodic. The upper and lower potentials are chosen to
lie either side of the redox potential of the species of interesf[95].
polypyrrole/PVS

polymer

with

incorporated

A

erythrocytes

(pp/PVS/erythrocyte) (Fig 2.4b) is typically cycled between +0.5V and -0.8V
(vs Ag/AgCl). A reduction peak is observed around -0.55 V and a broader
oxidation peak around -0.16 to -0.2 V.
The shape of the voltammogram will depend on the number of active sites
available for electron transfer[97]. For the reversible reduction of a redox
species, the surface concentration of the two redox forms will change in
accordance with the Nernst equation. That is, for a reversible process the
voltammogram exhibits current peaks on both the forward and reverse
scans and the peak separation is 0.059/nV (where n is the n u m b e r of
electrons transferred) [98].

The Faradaic current will depend on the

concentration gradient of the redox species at the electrode surface. A s a
reduction occurs, the concentration of the redox species is depleted in the
electrolyte close to the electrode, therefore the current peak then decays.
Once the direction of the potential scan is reversed re-oxidation of the
reduced species occurs, giving rise to another current peak[99]. If the
electrochemical process is quasi-reversible the peak separation value is
greater than 0.059/nV. If the process is irreversible only a single peak will be
observed on one of the potential scans.
The reversibility or irreversibility of a reaction is dependent upon the scan
rate[96]. A reaction that exhibits reversible behaviour at low scan rates m a y
not be reversible at high scan rates. This is because the rate of electron
transfer is slow compared to the rate of mass transfer and therefore Nerstian
conditions no longer exist.
Multisweep CV's will record changes in the concentration of electroactive
species at the electrode surface, including products of the electrode reaction
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from one cycle to another.

The most significant changes are usually

observed between cycles one and two. Eventually a very reproducible
profile is obtained. Polymers synthesised under the same conditions from
identical m o n o m e r solutions should have identical CV's if cycled under the
same conditions. CV's, to some degree, can be used to determine polymer
reproducibility.
Polypyrrole films are relatively stable to limited heating and air
oxidation[95], however, the stability of the oxidised and the reduced form
can be deduced from the cyclic voltammogram[100]. If the polymer is
chemically unstable the magnitude of the current with subsequent scans
will decrease with time[99].

This is referred to as deactivation of the

polymer.
Cyclic voltammetry is easily performed, is nondestructive on the polymer
and electrode and w a s used in this w o r k to help characterise the
electrochemical processes occurring at the electrode, especially the ion
exchange processes. The technique therefore allows the in-situ study of the
electrochemical behaviour of conducting polymers.
2.4.4. Electrochemical Quartz Crystal Microgravimmetry (EQCM)
E Q C M is a technique capable of detecting very small mass changes, that
accompany electrochemical processes, at the electrode surface[101]. E Q C M
studies have been varied[102-107] and can be used to understand m a n y
different interfacial processes at electrode surfaces, that occur prior to,
during, or after the fundamental electron-transfer event.
E C Q M w a s employed primarily to measure mass changes accompanying ion
and solvent m o v e m e n t across the polypyrrole, P V S film containing
erythrocytes, as it was switched between its oxidised and reduced polymer
state. E Q C M also allows simultaneous measurement of electrochemical
charge and current during mass changes.
The basis of quartz crystal microgravimmetry uses the converse piezoelectric
effect. The piezoelectric effect w a s first reported in 1880 w h e n it w a s

43
observed that quartz and rochelle salts, w h e n compressed in a particular
direction, produced an electrical potential between the deformed surface
(cited in[108]). The magnitude of the potential w a s proportional to the
applied stress. The converse piezoelectric effect involves applying a voltage
across the crystal causing a corresponding mechanical strain that can be
measured.
W h e n using Q C M one applies an electric field across a non-centrosymmetric
crystal producing a "shear" strain that is proportional to the applied
potential.

The "crystal s y m m e t r y dictates that strain induced in a

piezoelectric material by an applied potential of one polarity will be equal
and opposite in direction to that resulting from the opposite polarity[108]."
Only crystals cut with proper angles (AT- cut crystals) with respect to the
crystallographic axis exhibit shear displacement[103].

s

/

-Salt bridge containing
reference electrode
behind the crystal
%

R V C auxiliary electrode
.gold electrode
VT-cut crystal

Figure 2.5: Side view of EQCM crystal cell design
The electrochemical quartz crystal microbalance (EQCM) was an in-house
designed model[109]. The quartz crystal is located between two v a c u u m
deposited gold electrodes, each of 0.20cm2 surface area, Figure 2.5. The gold
electrode in contact with the solution becomes the working electrode u p o n
which the polymer is deposited. This is connected to the electrical circuit by
gold (0.04cm2), making a total working surface area of 0.24cm2. The crystal is
sealed into the electrochemical cell with silicone rubber, to reduce
capacitance effects. This is then connected to the potentiostat via l O m H
inductors. The other face of the crystal is exposed to air.
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The oscillation frequency of the E Q C M crystal was measured with respect to
a reference crystal external to the electrochemical cell.

A stable and

adjustable frequency offset phase locked loop circuit w a s used in
conjunction with the original circuit to improve resolution because the
initial frequency difference observed between the reference and working
electrodes for PVS, polypyrrole polymers was large (greater than 20 kHz).
The changes observed in frequency of the crystals coated with polymer can
be related to an attachment of a foreign mass, for example anions from
solution or an antigen-antibody reaction, by the Sauerbrey equation
(Equation 4.2).
Equation 2.2

Af = -(2/pv) f2 A m

where p is the density of the quartz crystal and v the wave velocity within it.
Once the various constants for an AT-cut crystal has been substituted the
equation becomes that shown in Equation 2.3.
Equation 2.3.

Af = -2.26 x 10"6 f2 A m

where Af is the measured frequency shift (in Hertz, Hz), f is the fundamental
frequency (in Hz), and m is mass (grams, g). The change in mass (Am) has
units of gem- 2 [103].
To obtain the mass sensitivity per unit area, Equation 2.3. is divided by A,
the coated area of the crystal (cm 2 ). This equation predicts that w h e n using
an A T - cut 1 0 M H z crystal the mass sensitivity per unit area is 0.226 H z c m 2
ng-i. A crystal with a projected area of 0.25 c m 2 should have an absolute
mass sensitivity of 0.904 Hzng-^103].
Whilst the frequency of the AT-cut quartz crystal is insensitive to solution
volume and the height of a column of liquid above the crystal, changes in
temperature cause significant frequency variations because they cause
concommittant changes in the viscosity and density of liquids[103]. Each
experiment w a s carried out at room temperature in an air conditioned
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laboratory where temperature fluctuations (greater than or less than 0.5 °C)
did not occur.
2.4.5. Resistometry
Cyclic resistometry is a technique that measures the time-varying resistance
of an electrode during cyclic voltammetry[110]. Resistometry therefore
provides additional information to cyclic voltammetry by enabling us to
measure the resistance of the polymer as a function of potential[lll].
Resistance measurements (resistograms) were performed in an aliquot (0.5
mis) of isotonic TRIS buffer, using a three electrode cell design in
conjunction with a resistometer as described previously[49].

The

electrochemical cell was a cuvette (1cm x 1cm); the auxiliary was reticulated
vitreous carbon ( 1 x 4 cm); the reference electrode was A g / A g C l and the
working electrode w a s a polymer attached to gold (1cm x 1cm).
The resistance is measured with square galvanostatic pulses that are fired
briefly (< 200 |is) every 33 m s , during which time the potentiostat is
switched to a d u m m y

cell and the electrode is controlled by a

potentiostatic/galvanostatic m o d e switching circuit. A sample and hold
circuit then provides an output of resistance[110]. A s the time scale is so
short the Faradaic reactions and double layer charging processes are assumed
to be unaffected [49].
Resistometry measures voltage induced changes in the resistance of the
polymer system, including the intrinsic resistance of the polymer, the
resistance of solution within the polymer, the interfacial resistances and the
resistance of the bulk solution between the polymer composite and the
reference electrode[112].

For this reason the distance of the reference

electrode is kept to a m i n i m u m by positioning it within 2-3 m m of the
polymer surface.
Characteristic switching parameters obtained from resistance experiments
are (i) the magnitude of the resistance change and (ii) the potential at which
this change occurs. The importance of the switching behaviour and the
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subsequent alteration of resistance change will be utilised in the
characterising and sensing technology for this biosensor, Chapters 6 & 9.

HAEMATOLOGICAL TECHNIQUES
2.5. Quantitation of the Erythrocyte Content of Polymers
It was important to quantitate the numbers of erythrocytes incorporated into
the polymer matrix because the sensitivity of the biosensor needs ultimately
to be compared to those of existing technology. Too few erythrocytes
incorporated will result in a low sensitivity.

T w o techniques were

employed with the aim of quantitation of incorporated erythrocytes. The
first w a s the labelling of erythrocytes with isotope (chromium 51) and the
second, manual counting of H & E stained erythrocytes, imaged using a light
microscope, an apple computer and an N I H Image 1.61 software package.
2.5.1. Chromium (Cr51) labelling
Polymers were prepared with Cr 5 1 labelled erythrocytes (Chapter 5) and
those polymers were then counted with a G a m m a counter ( C o m p u g a m m a
C S 1282, Turku, Finland). The quantity of g a m m a counts relates to the
quantity of erythrocytes in the polymer matrix by comparison to a standard
curve prepared from the same labelled erythrocytes.
Erythrocytes labelled with the anionic hexavalent form of sodium chromate
(Na2 51 Cr04) have 9 7 % of the label associated with the globin moiety of
haemoglobin and 2 % with the red cell stroma[113,114]. The label behaves as
if it were only trapped inside the red cell, bound weakly to haemoglobin and
other ligands such as 2,3-DPG, adenosine triphosphate (ATP) and citrate so it
can exchange randomly between these species until diffusing from the
erythrocyte. The chromium label elutes from erythrocytes at approximately
l%perday[15].
2.6. Erythrocyte/Haemoglobin Characterisation in Solution
To monitor the effect the m o n o m e r constituents, that is pyrrole and
polyelectrolyte, had on the erythrocyte and the erythrocyte antigens, before
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and after polymerisation w a s performed, a selection of haematological tests
were performed. These tests could monitor parameters associated with the
erythrocyte, such as the size and shape, the haemoglobin content, lysis, the
fragility and changes in metabolic processes or haemoglobin parameters.
The results would assist in predicting any problems occurring in the bulk
solution that could effect antigen integrity. If the erythrocytes were intact
and unchanged it would be more likely that the antigens located on the
erythrocyte membrane would also be intact.
2.6.1. Electronic Cell Counting
Electronic counting was used to determine if there were any erythrocyte size
changes or any loss of haemoglobin from the erythrocytes in the presence of
m o n o m e r constituents.
A n electronic cell counter, the Coulter S Plus 4, is an electric transducer used
for the counting and sizing of nonconducting particles, such as erythrocytes,
suspended in an electrolyte medium. The principle of operation is based
upon a dilute stream of cells being drawn through a small cylindrical
aperature to which an electrical current is applied. The cells, in a conducting
m e d i u m , function as discrete insulators so they create a measureable
increase in the electrical impedance as they pass through the aperature. The
increase is proportional to the cell volume therefore cells can be sized and
counted. Aperature impedance is determined by capacitance, inductance
and resistance[115].
The haemoglobin (Hb) is derived by measurement of the transmittance at
525nm after 20-25 seconds reaction time. Red cells are counted (RCC) and
sized ( M C V ) .

This then allows the haematocrit or packed cell volume

(PCV), m e a n cell H b ( M C H ) and the m e a n cell H b concentration ( M C H C ) to
be calculated by the Coulter according to the formulas set out below[115].
P C V ( % ) = (RBC x M C V ) / 1 0
M C H C (g/L) = 100 x H b / P C V

M C H (pg/cell) = 10 x H b / R B C
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2.6.2. Erythrocyte Lysis
The osmotic fragility test w a s used to ascertain whether the erythrocytes
were subjected to osmotic stress whilst in the presence of P V S and pyrrole.
A n osmotic fragility test and a Pink's test were used to determine if the
erythrocytes had become spherocytic. Spherocytes are erythrocytes which
rather than being a biconcave disc, are spherical because they have lost
m e m b r a n e without the equivalent loss of cytosol[116].

This can be a

consequence of an abnormality in the erythrocyte cytoskeleton or the
erythrocyte membrane. Either abnormality can destabilise the erythrocyte.
Haemolysis w a s measured by measuring the total percentage of lysis of
erythrocytes in the presence of pyrrole and PVS. A n autohaemolysis test
was used as a measure of erythrocyte enzyme and membrane function, with
and without glucose as an endogenous energy supply, in the presence of
pyrrole and PVS.
2.6.2.1. Autohaemolysis Test
The autohaemolysis test provides information about the metabolic
competence of the erythrocytes and distinguishes m e m b r a n e and enzyme
defects. Normal erythrocytes will have no or very little haemolysis w h e n
incubated at 37°C under sterile conditions without any exdogenous energy
source (glucose)[17, 117]. If glucose is present throughout the incubation the
development of lysis slows even further. For example, lysis of normal
erythrocytes at 48 hours without glucose is 0.2-2.0 % but with glucose present
is only 0.0-0.9%[17].
2.6.2.2. Osmotic Fragility
The test for osmotic fragility exposes erythrocytes to increasingly dilute
saline solutions in order to determine the point at which the migration of
water into erythrocytes causes them to swell and rupture[117] It therefore
becomes a measure of osmotic stress but also provides an indication of the
surface area/volume ratio of erythrocytes once they are in the standard
m o n o m e r solution [17].
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Increased fragility is indicated by a high m e a n corpuscular fragility (MCF)
value in relation to the control erythrocytes. Osmotic resistance has a
reduced M C F value in relation to the control erythrocytes.

Normal

biconcave discs can swell by about 7 0 % before m e m b r a n e capacity is
exceeded [17]. Erythrocytes with structural abnormalities that cause rigidity
of the m e m b r a n e or haemolysis will be more osmotically fragile than
normal cells.
2.6.2.3. Spherocytosis (Pink's Test)
The Pink's test w a s used to quantitate the number of spherocytes in the
polymerisation solution. Defects, such as spherocytosis, affect antigen
functionality. The assay is based on the determination of the final extent of
haemolysis in a solution containing glycerol at p H 6.7[118].
Normal disc shaped red cells become spherical with surface projections
(discocyte-echinocyte transformation) w h e n blood is stored in liquid
medium, because the red cells undergo a series of biochemical and structural
changes that influence the viability and function of the erythrocytes[119,
120]. Later defects include the loss of membrane lipids accompanied by a
small a m o u n t of protein and then other alterations in the structural
proteins. The earliest shape changes correlate with A T P depletion and are
reversible if A T P levels are replenished[119].
2.6.3. Oximetry
Oximetry w a s used to evaluate methaemoglobin, oxyhaemoglobin,
carboxyhaemoglobin, deoxyhaemoglobin and p H on both the pre and post
polymerisation solutions containing erythrocytes.
Oximetry w a s carried out using a A B L 520 series Radiometer (Copenhagen,
Denmark). The percentages of haemoglobin derivatives are determined by
the optical system which is composed of two sections: the wet and the
electronic. The wet section contains a light source (halogen lamp), convex
lens and infrared filter and haemolyser unit (two piezoelectric crystals
resonating at 30kHz in 37°C cuvette) while the electronics section consists of
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the monochromator adapter, biconvex lens and the monochromator unit
with the six photodiodes. The two sections are connected by an optical fibre.
The basis for analysis is the measurement of light transmission in the
cuvette through the sample in relation to that through an optically clear
solution at six wavelengths: 535nm, 560nm, 577nm, 622nm, 636nm and
670nm[121].
The state of the haemoglobin is important for the stability of the red cell
membrane. Release of oxygen by the erythrocytes m a y result in the blockage
of polypyrrole deposition or result in oxidation of red cell constituents
causing cell lysis. Oximetry w a s also employed to determine whether the
oxidative conditions during deposition of polypyrrole could result in the
destruction of the erythrocytes.
The p H of the polymerisation solutions was measured because (i) small p H
changes influence the oxygen carrying capacity of haemoglobin, (ii) the
globin portion of h e m e is affected by the hydrogen ion concentration within
the red cell and (iii) the hydrogen ion concentration relates to the carbon
dioxide levels influencing in turn the amount of oxygen that becomes
available for release from the erythrocytes.
2.7. Antigen Functionality in Solution
Antigen integrity in the presence of each individual m o n o m e r component
and in the pre and post polymerisation solutions was investigated. This was
to ensure that the antigens were intact and functional at each solution stage
of biosensor construction. The integrity of the antigens incorporated into
the polymer matrix is discussed in Chapter 8.
2.7.1. Agglutination
Blood grouping is based upon an antigen-antibody reaction. 'A', 'B' and
Rh(D) blood group antigen reactivity were assessed in the presence of
m o n o m e r constituents by agglutination.
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The antibodies and antigens are mixed, then spun before the operator
observes the supernatent for haemolysis followed by gentle dispersion of the
red cells to observe for agglutination. A positive agglutination reaction
occurs only w h e n both the antigen and the corresponding antibody are
present and bind together.

Macroscopic evaluation is recorded and

numerical values (scores) are assigned to the reactions, as described by
Marsh in Table 2.1 cited in[18].
Table 2.1: Reactions associated with numerical scoring
Score of 0

Score of 3

Score of 5

tiny aggregates Small
No
agglutination turbid
agglutinates
or haemolysis background
turbid
background

Score of 8

Score of 10

m e d i u m sized
agglutinatesclear
background

several large o n e
solid
agglutinates- agglutinate
clear
background

Score of 12

Negative
reaction

very
w e a k weak positive positive
reaction
reaction
reaction

positive
reaction

positive
reaction

0

W +

3+

4+

1+

2+

Agglutination reactions form the basis of patterns. Particular patterns are
then unique to particular blood groups, as given in Table 2.2.
Table 2.2: The agglutination patterns determine the A B O and Rh(D) blood group.
anti-AB

anti-A

anti-B

group A cells

positive (+)

negative (-)

positive (+)

group B cells

negative (-)

positive (+)

positive (+)

group ABcells

positive (+)

positive (+)

positive (+)

group O cells

negative (-)

negative (-)

negative (-)

anti-Rh(D)

Rh(D) positive cells

positive (+)

Rh(D) negative cells

negative (-)

2.7.2. Flow Cytometry
Flow cytometry w a s employed to study the effect fixation had on antigen
functionality. A s an alternative to storing erythrocytes close to their natural
state in a liquid environment, fixation of the erythrocytes in the polymer
matrix w a s also investigated.
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A FACScan flow cytometer (Becton Dickinson) w a s used to collect data.
Before data acquisition the instruments sensitivity, photomultiplier tube
(PMT) voltages and setting fluorescence compensation was checked using
CaliBRITE beads and autocomp software. Data acquisition and analysis was
performed automatically using Retic-Count software. The threshold was set
to 400 to exclude noise and debris; compensation set to zero and 50000
events acquired and saved.
Data analysis w a s carried out by gating the red cell population on the FSC
and SSC dot plot. This gated data w a s then displayed as a fluorescence 1
(FL1) histogram. A n unstained sample was used to display autofluorescence
generated by the red cells. A marker was set to include the majority of this
peak by placing the marker where the peak intercepts the baseline.
A n y events collected in subsequent samples that lie above this marker are
considered as having positive fluorescence.

The fluorescence detected

originates from a FITC labelled antibody that reacts with the corresponding
antigen employed in the assay. Binding of antigen to antibody in high
concentrations results in the presence of aggregated material throughout the
solution. Aggregated material could not be quantitated but positive results
could be distinguished qualitatively.
2.8. Erythrocyte Morphology in Polymer
The macroscopic/microscopic appearance of the polymer and erythrocytes
w a s assessed using the naked eye, then stained and viewed via light
microscopy. H & E staining is commonly performed on tissue sections and is
a standard procedure[17].

All reagents were obtained from standard

suppliers and provided courtesy of Histology Department, The Wollongong
Hospital. Staining of polymers was carried out using a Leica Autostainer X L
(Leica Instruments, Sydney, Australia) and observed using a light
microscope (Olympus; Japan).
This ensured that polymer coverage w a s uniform on the gold electrode and
allowed for the morphology of the erythrocytes in the polymer matrix to be

53

assessed. For further morphological characterisation of the erythrocyte A F M
was used with a view to ascertain whether intact erythrocyte membrane was
immobilised into the biosensor matrix.
2.8.1. Atomic Force Microscopy (AFM)
A F M is based upon the principle of scanning the surface of a sample with a
sharp tip mounted onto a cantilever. A detection system monitors the
feedback mechanism of the probe giving topological information of the
sample. A very soft cantilever is required to achieve sufficient sensitivity
and to minimse specimen damage. The scanner was used in the constantheight m o d e , that is the image obtained from a constant vertical position of
the piezo scanner while recording the deflection of the cantilever.
O n e advantage of A F M is that it can allow studies of erythocytes with better
resolution than light microscopy, either in air or under fluid. Imaging cells
with optical microscopes limits the resolution to roughly half the
wavelength of the light. AFM's have been able to image erythrocytes in
buffer with no sample preparation d o w n to 8nm[122], especially using
tapping m o d e imaging. Tapping m o d e imaging is a technique that allows
imaging of sample surfaces that are easily damaged and also overcomes
problems associated with friction, adhesion and electrostatic forces.
2.9. Conclusion
This chapter provides the reader with: (i) a general background on the
electrochemical and haematological techniques used, (ii) w h y they these
techniques were used and (iii) a list of the standard instrumentation
required to perform these techniques.

The precise and

detailed

methodologies are discussed in the appropriate sections in each of the
following Chapters.
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CHAPTER 3
INTEGRITY OF THE HUMAN ERYTHROCYTE IN THE
PRESENCE OF BIOSENSOR COMPONENTS
3.1 Introduction
This chapter investigates the effect the presence of polyelectrolytes and
pyrrole have on the erythrocyte under different temperatures before
synthesis of the polymer was undertaken. To assess erythrocyte integrity a
battery of in vitro haematological techniques (outlined in Chapter 2), were
performed on the erythrocytes in solution. Gross injuries result in total
destruction of the erythrocyte, which is visible to the naked eye, but
erythrocyte injury, not sufficiently severe to cause haemolysis, m a y only be
detectable using these techniques.
The techniques were designed to indicate whether the antigenicity of the
A B O and Rh(D) blood group antigens were compromised, whether there
were any changes in the erythrocyte indices, whether there w a s any major
lysis of erythrocytes, whether there w a s gross size alterations of the
erythrocytes, whether there w a s leakage or precipitation of haemoglobin or
oxygen from the erythrocytes and whether there w a s osmotic effects or p H
changes exerted on the erythrocytes.
Pyrrole is a hydrophobic liquid that is a good organic solvent. In our
laboratories 0.5M pyrrole is the most commonly used concentration of
pyrrole. Preliminary testing showed that incubation of 0.5M pyrrole with
freshly washed erythrocytes results in 1 0 0 % lysis of those cells within
minutes. Therefore it w a s necessary to determine what concentration of
pyrrole would allow polymerisation of pyrrole to occur with no haemolysis
of the erythrocytes.
Preliminary testing, also showed where polypyrrole polymers with
erythrocytes were synthesised using 0.1M pyrrole, after two hours post
synthesis the polymers did not contain erythrocytes full of haemoglobin but
consisted of areas where there w a s little or no polymer just a 'hole'
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consistent in shape and size to an erythrocyte. It w a s therefore necessary to
retrace and to investigate each step of the biopolymer production, from the
addition of the erythrocytes to the m o n o m e r constituents (Chapter 3)
through synthesis of the polymer (Chapter 4) to the storage of the polymers
(Chapter 5), in order to ascertain w h y there were compromised erythrocytes
in the polymer matrix, whether there ever had been any intact erythrocytes
incorporated or whether the erythrocyte membrane w a s still present in the
'hole' but the haemoglobin had leaked through perforations in the
erythrocyte membrane.
For erythrocytes incorporated into the polymer use of these haematological
tests w a s not possible. These erythrocytes were assessed visually using
microscopic techniques and functionally from any antigen-antibody signals
obtained using those polymers. Those results are discussed in Chapters 8
and 9.
3.1.2. Storage and preservation of erythrocytes
'Packed cells' or erythrocytes as they are referred to throughout this thesis
are defined as the "red blood cells remaining after separating plasma from
whole blood"[123]. Erythrocytes outside the body will spend some time in
storage and must meet certain requirements to ensure they remain intact
and functional. The preservation of the cellular components and antigen
functionality is affected by (i) the presence of glucose in the medium, (ii) the
osmolality of the medium, which m a y be ionic or non-ionic, (iii) the p H and
(iv) the temperature[123]. A list of each solution, used in this thesis, and
their individual ingredients is provided in Appendix One.
Virtually all erythrocytes are stored in solutions containing citric acid,
sodium citrate, dextrose and phosphate. This provides the erythrocyte with
the necessary energy to maintain cell shape and function. Energy requiring
processes of an erythrocyte include the following, initiation and
maintenance of glycolysis, synthesis of glutathione and other essential
reducing c o m p o u n d s like phosphoribosylpyrophosphate, mediation of
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nucleotide salvage reactions, maintainance of haemoglobin iron in its
ferrous form, protection of haemoglobin, structural and enzymatic proteins
from

oxidative denaturation, maintainance of appropriate cation

concentrations despite electrochemical gradients and participation in
phosphorylations and other reactions involving cytoskeletal components
necessary for maintaining membrane phospholipids and elasticity[120].
By providing an environment in which the erythrocyte can protect itself by
maintenance of its energy requiring processes and where bacterial
contamination is minimised the greater chance the erythrocytes and their
antigens will have of remaining intact and functional throughout and after
polymerisation processes. Bacterial contaminants can be detrimental to the
polymerisation process as well as causing lysis of the erythrocytes, if present
in sufficient quantity. The synthesised polymers containing erythrocytes
will also need to be stored under similar conditions until used for further
analysis.
A solution containing erythrocytes should have an osmolality in the range
of 285-310 m O s M .

If the solution is hypoosmolar or hyperosmolar the

erythrocytes can lyse.
It is desirable to store erythrocytes at a constant low temperature between 46°C. Between 4-6°C the activity of m a n y enzymes designed to protect
haemoglobin and/or the m e m b r a n e are slowed, as is the rate of
multiplication of chance bacterial contaminants. Sterile conditions cannot
be maintained throughout the processes so the lower the temperature can
be, without freezing the erythrocytes, the better it is. Freezing erythrocytes
causes haemolysis.
Normal venous blood has a p H of 7.38[124]. Stored blood collected into C P D
with A D S O L additive can have a p H of 6.6[18]. Lowering the p H further can
cause an increase in the amount of oxygen released from the erythrocyte
which in turn can create a problem for the maintenance of erythrocyte
integrity and m a y even prevent the polymerisation of pyrrole.
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The preparation and storage of an electrode containing a biological element
is complicated with m a n y parameters involved.

Consideration of

erythrocyte and antigen integrity was undertaken at each stage of the
biosensor construction so any deleterious effects on the erythrocytes or the
antigens that could render them non-functional, hence useless as the basis
for an immunobiosensor, could be realised early and corrected as soon as
possible. The following experimental work investigates the state of the
erythrocyte and the blood group antigens in the preparation solutions prior
to polymer synthesis.
3.2. Experimental
Blood used in all experiments was collected, under ethics approval with the
consent of the donor, into anticoagulant. The erythrocytes were washed
twice in I S O T O N (Coulter Electronics, Brookvale, Australia), then in
deoxygenated isotonic sucrose to remove anticoagulant immediately before
use.
3.2.1. Antigen reactivity by Agglutination
Analysis of the integrity of the R h (D) and A B O antigens on the erythrocytes
were carried out using reagents and standard agglutination techniques [18] .
All blood grouping reagents ( G A M M A Biologicals, Houston, TX) were used
as per manufacturer instructions. The Rh(D) determinations were carried
out using a monoclonal blend anti-D, (manufactured by blending the
secretions of two human/murine heterohybridomas, with an IgM and IgG
component

but

no

human

serum

component)

and

a

monoclonal/polyclonal blend anti-D (manufactured from IgM anti-D
secreted by a human/murine heterohybridoma and blended with h u m a n
serum containing polyclonal IgG anti-D). A Rh(D) negative control, that
contains all of the components of blood grouping reagents but lacking the
specific antibody, w a s run in parallel, to enable any spontaneous
agglutination of the erythrocytes to be recognised. The anti-A, anti-B and
anti-AB reagents were a murine monoclonal blend.
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Agglutination testing (Chapter 2) w a s performed using equal volumes
(approx lOOul) of erythrocyte test solution (50ixl of 3 3 % erythrocytes diluted
into 1ml of buffered saline) and the required antibody. The composition of
each erythrocyte test solution is described in each individual section below.
Numerical values (scores), as described by Marsh[18], are assigned to the
reactions. The scores equate to the quantity of agglutinates and haemolysis
present: a negative reaction has a score of 0; w e a k positive reactions are
scored as 3 or 5 whilst scores 8, 10 and 12 indicate strong positive reactions.
A synthetic polyelectrolyte polyvinyl sulphonate (PVS) (Mr 900-1000)
( A L D R I C H ) and three biological macromolecules chondroitin sulphate (CS),
heparin sulphate (HS) (50 000U) and dextran sulphate (DS) ( M W 40 000)
(SIGMA), were used.
3.2.1.1. Effect of Pyrrole
Six pyrrole concentrations were used: 0 M , 0.05 M , 0.1 M , 0.2 M and 0.3 M .
Erythrocytes (group A B Positive) were added to iso-osmotic sucrose (0.27M),
containing pyrrole (1:3), at 7°C. Agglutination testing was performed at time
zero and time sixty minutes.
3.2.1.2. Effect of pyrrole in relation to temperature
Erythrocytes (group A B Positive) were diluted in iso-osmotic sucrose (1:3),
containing pyrrole (0, 0.05, 0.1, 0.15, 0.2 and 0.25 M ) . Agglutination testing
was performed at times of ten, thirty and sixty minutes at temperatures of
7°C, 24 °C and 37°C.
3.2.1.3. Effect of polyelectrolytes and pyrrole
Erythrocytes (group B Positive) were added to iso-osmotic sucrose (1:3),
containing pyrrole (0, 0.1, 0.2 and 0.25 M ) and polyelectrolyte, at 7°C. The
concentrations of polyelectrolyte were chosen from results of previous
research[112] and were as follows, P V S 3 g/L, C S 2.5 g/L, H S 2 g/L, D S 2.5 g/L.
Agglutination testing was performed at times of 5, 15, 30 and 60 minutes.

59

3.2.2. Erythrocyte integrity
The standard polymerisation solution contained sucrose (0.27M), pyrrole
(0.1M) and P V S (1 g/L) and was purged with nitrogen for 5 minutes to
remove oxygen.

W a s h e d erythrocytes suspended in nitrogen-purged

sucrose were then added to the m o n o m e r solution immediately prior to
use. A second solution was prepared in exactly the same w a y but did not
contain pyrrole, just sucrose (0.27M), P V S (1 g/L) and erythrocytes.
3.2.2.2. Electronic Cell Counting
Each polymerisation solution was analysed on a Coulter SPlus IV (Chapter
2). The m e a n cell volume ( M C V ) , the m e a n cell haemoglobin ( M C H ) and
the m e a n cell haemoglobin concentration ( M C H C ) results were collated and
a two tailed t-paired analysis was performed on the data in order to obtain a
significance level defined in terms of probability (P). The M C V is a measure
of the size of the erythrocyte. The M C H is the weight of haemoglobin in the
average erythrocyte expressed in picograms. The M C H C indicates the
concentration of haemoglobin in the average erythrocyte; the weight of
haemoglobin to the volume it is contained in, expressed in grams per litre.
The two red cell indices, M C H and M C H C , are calculations derived from
three primary variables. These variables are the amount of haemoglobin
present (Hb), the proportion of the sample the erythrocytes contribute (PCV)
and the amount of erythrocytes present (RCC). All three primary variables
are influenced by the age and gender of the individual and their state of
health.
The erythrocytes used for the experiments were obtained from anonymous
donors of different ages and gender over a three year test period so the M C H
and M C H C were used in determining the effect pyrrole and P V S had on the
erythrocytes in the m o n o m e r sample because they characterise the
haemoglobin content so that from individual to individual, regardless of
the age and the gender, there would be little variation.
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3.2.2.3. Lysis of erythrocytes
The percent lysis w a s quantitated by incubating erythrocytes in the presence
of P V S and/or pyrrole, over time (30 mins, 60 mins and 120 mins). The
tubes were centrifuged (3000rpm for 10 mins) and the supernatent removed.
The optical density of the supernatent and the optical density of a 1 0 0 % lysis
tube (erythrocytes + water) were measured at 420nm. The % lysis w a s then
calculated by direct comparison to the 100 % lysis tube.
3.2.2.4. Autohaemolysis test
The autohaemolysis test provides information about the metabolic
competence, especially enzyme and m e m b r a n e function, of the erythrocytes
(Chapter 2). The test w a s performed as per Dacie and Lewis[17], in duplicate
on erythrocytes, at 37 °C over 48 hrs, under sterile conditions in the presence
and absence of glucose (100 g/L). A fresh blood donor sample was used as a
control.
3.2.2.5. Osmotic Fragility
The test for osmotic fragility exposes erythrocytes to increasingly dilute
saline solutions in order to determine the point at which the migration of
water into erythrocytes causes them to swell and rupture (Chapter 2).
Saline solutions were prepared as follows: 0.0 g/L, 1.0 g/L, 3.0 g/L, 5.0 g/L, 5.5
g/L, 6.0 g/L, 6.5 g/L, 7.0 g/L, 7.5 g/L, 9.0 g/L, 12.0 g/L NaCl in distilled water.
To an aliquot (5mls) of each saline solution an aliquot (50 (0,1) of blood was
added and incubated for 30 minutes. The tubes were remixed then spun at
1200g for 5 minutes.

The supernatent w a s decanted and measured

photometrically at 540 n m . All tubes were blanked against the 12.0 g/L tube
and expressed as a percentage lysis against the 0.0 g/L tube. Freshly collected
heparinised erythrocytes were used as the control.
Osmotic fragility results were expressed (i) as a median corpuscular fragility
( M C F ) value, which is the saline concentration at which 5 0 % of the cells
haemolyse and
concentration.

(ii) graphically, as percent lysis versus the N a C l
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3.2.2.6. Pink's Test
This test w a s used to quantitate the n u m b e r of spherocytes in the
polymerisation solution (Chapter 2).

'Pink's' solution contains glycerol

(12.43 g/L), NaCl (1.46 g/L), N a N 3 (0.1 g/L), buffered to p H 6.66 with bis-(2hydroxy-ethyl)-amino-fris(hydroxymethyl)methane [Bis-Tris: CalbiochemBehring] (14.6 g/L).
A n aliquot of blood (lOul) was mixed with an aliquot of Pink's solution
(3ml) and incubated at the required temperature for 30-45 minutes. The
tube w a s then centrifuged at lOOOg for 5 minutes.

Quantitative

measurements of haemolysis were done by photometric determination of
optical density (OD) at 540nm on the supernatent. This result was then
compared to the 1 0 0 % haemolysis, which was the O D , at 540nm, of the
supernatent remixed with the unlysed erythrocyte pellet to which 2 drops of
lysant solution, Triton X-100 (BDH), 2 % in distilled water, was added and
mixed well.
Haemolysis % was calculated for each sample as
% haemolysis = supernatant O D x 100
100% lysis O D
3.2.2.7. Oximetry
Each polymerisation solution was analysed on a radiometer (Chapter 2) to
evaluate

methaemoglobin, oxyhaemoglobin,

carboxyhaemoglobin,

deoxyhaemoglobin, the partial pressure of oxygen and carbon dioxide and
p H on washed erythrocytes in oxygenated and deoxygenated solutions. The
results were assessed using a two tailed paired t-analysis.
3.3. Results
3.3.1. Effect of pyrrole
The A B O antigens remained unaffected in the presence of pyrrole, over the
entire concentration range used. That is, the group A B cells reacted with the
three A B O antibodies (anti-A, anti-B and anti-AB), with equal strength
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(agglutination score 12, Table 3.1). Note, as the agglutination pattern w a s
consistent for all tubes, for ease of interpretation, these reactions are listed in
all results as one score only, not three individual scores.
Pyrrole, in concentrations above 0.2M, destroyed any Rh(D) activity of the
erythrocytes, Table 3.1, within sixty minutes at r o o m temperature. The
agglutination scores go from being strongly positive (12) to completely
negative (0). T h e Rh(D) antigen remained functional (agglutination score
12) w h e n pyrrole concentrations were less than 0.2 M .

Table 3.1: Agglutination scores for erythrocytes in the presence of differing
concentrations of pyrrole, at time zero and sixty minutes (room temperature).

anti-A, anti-B &
anti-AB

Omins
60mins

anti-D
(monoclonal
IgM/IgG blend)

Omins
60mins

No
pynole
12
12
12
12

anti-D
(monoclonal
IgM/polyclonal
IgG blend)

Omins
60mins

10
10

10
10

10
10

Rh Neg control

Omins
60mins

0
0

0
0

0
0

Time

0.05M
pyrrole

0.1M
pyrrole

0.2M
pyrrole

0.3 M
pyrrole

12
12

12
12

12
12

12
12

12
12

12
12

12
0

12
0

12
0

12
0

0
0

0
0

3.3.2. The effect of pyrrole in relation to temperature
Lowering the temperature from room temperature to 7°C slowed the rate of
destruction of the Rh(D) antigen.

A t 7°C there w a s n o loss of R h ( D )

antigenicity o n erythrocytes in the presence of less than 0.2M pyrrole, Table
3.2, (agglutination score 12) within 60 mins. At 24°C the reactivity of Rh(D)
decreased in strength, Table 3.3, from a strong positive (12) to a weaker
positive (8) in the presence of pyrrole concentrations above 0.15M after 30
mins. At 37°C, Table 3.4, the decay of the Rh(D) antigenicity w a s accelerated
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so that even at 10 m i n s n o R h ( D ) reactivity w a s observed w h e n pyrrole
concentrations exceeded 0.15M.

Table 3.2: Agglutination scores for erythrocytes, at 7°C, in the presence of diff
concentrations of pyrrole, at time 10, 30 and 60 minutes.
TEMP: 7°C

Time

No
pyrrole

0.05M
pyrrole

0.1M
pyrrole

0.15M
pyrrole

0.2 M
pyrrole

anti-A, anti-B &
anti-AB

1 Omins
30mins
60mins

12
12
12

12
12
12

12
12
12

12
12
12

12
12
12

anti-D
(monoclonal
IgM/IgG blend)

1 Omins
30mins
60mins

12
12
12

12
12
12

12
12
12

12
12
12

12
12
12

anti-D
(monoclonal
IgM/polyclonal
IgG blend)

1 Omins
30mins
60rnins

12
12
12

12
12
12

12
12
12

12
12
12

12
12
12

Rh Neg control

1 Omins
30mins
60mins

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

Table 3.3: Agglutination scores for erythrocytes, at 24°C, in the presence of differing
concentrations of pyrrole, at time 10, 30 and 60 minutes.
TEMP: 24°C

Time

anti-A, anti-B &
anti-AB

lOmins
30mins
60mins

anti-D
(monoclonal
IgM/IgG blend)

1 Omins
30mins
60mins

lOmins
anti-D
(monoclonal IgM 30mins
/polyclonal IgG 60mins
blend)
Rh Neg control

lOmins
30mins
60mins

No

0.15M
0.1M
pyrrole _pyrrole

0.2 M
pyrrole

pyrrole

0.05M
pyrrole

12
12
12
12
12
12
12
12
12

12
12
12
12
12
12
12
12
12

12
12
12
12
12
12
12
12
12

12
12
12
12
12
12
12
12
12

12
12
12
12
8
5
12
8
5

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

64

Table 3.4: Agglutination scores for erythrocytes, at 37°C, in the presence of differing
concentrations of pyrrole, at time 10, 30 and 60 minutes.
No
pyrrole

0.05M
pyrrole

0.1M
pyrrole

0.15M
pyrrole

0.2 M
pyrrole

anti-A, anti-B & lOmins
30mins
anti-AB
60mins

12
12
12

12
12
12

12
12
12

12
12
12

12
12
12

anti-D
(monoclonal
IgM/IgG blend)

lOmins
30mins
60mins

12
12
12

12
12
12

12
12
12

0
0
0

0
0
0

anti-D
(monoclonal
IgM/polyclonal
IgG blend)

lOmins
30mins
60mins

12
12
12

12
12
12 .

12
12
12

0
0
0

0
0
0

Rh Neg control

lOmins
30mins
60mins

0
0
0

0
0
0

0
0
0

0
0
0

0
0
0

Time

TEMP: 37°C

Changes in temperature did not effect the A B O antigen reactivity. The
group A B cells reacted with the three A B O antibodies (anti-A, anti-B and
anti-AB) with equal strength (agglutination score 12, Tables 3.2, 3.3 & 3.4).
3.3.3. The combined effect of polyelectrolytes and pyrrole
A B O antigenicity w a s maintained (agglutination score 12) in the presence of
pyrrole, at all concentrations, and any of the polyelectrolytes tested, Table 3.5.
A s group B cells were tested positive agglutination reactions were observed
with anti-B and anti-AB (score 12) and no reaction w a s observed with anti-A
(score 0).

This agglutination pattern w a s consistent for all tubes so for

simplification the reaction with anti-B and anti-AB are listed in Table 3.5 as
the A B O score and the negative reaction with anti-A are unreported.
The R h ( D ) antigenicity varied depending o n the polyelectrolyte and
concentration of pyrrole used. In Rh(D) testing both monoclonal/polyclonal
anti-D (monoclonal I g M plus h u m a n serum containing polyclonal IgG) and
monoclonal anti-D (IgG/IgM blend without h u m a n serum) were used,
however, except in the presence of dextran sulphate, are listed as the one
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result anti-Rh(D), Table 3.5, because the agglutination scores were identical.
For dextran sulphate both agglutination scores appear. Reactions with the
Rh(D) negative control were all negative (O) but are unreported.
Table 3.5 : The effect of different polyelectrolytes in the presence of pyrrole on red cell
antigenicity over time.
Time
Pyrrole
concn (M) (mins)

0
0.1
0.2
0.25

5
60
5
60
5
60
5
60

PVS (3 g/L)

HS (2 g/L)

CS (2.5 g/L)

DS (2.5 g/L)

ABO/Rh(D)

ABO/Rh(D)

ABO/Rh(D)

ABO
/monoclonal &
polyclonal D /
monoclonal D

12/12

12/12

12/10

12/5/12

12/12

12/12

12/10

12/0/5

12/10

12/12

12/10

12/5/8

12 /10

12/12

12/8

12/0/5

12/8

12/10

12/10

12/5/8

12/0

12/0

12/0

12/0/5

12/0

12/0

12/10

12/5/8

12/0

12/0

12/0

12/0/0

Both the A B O and Rh(D) antigens retained antigenicity over 60 mins in the
presence of heparin sulphate or P V S w h e n the pyrrole concentration w a s
less than 0.2M (positive agglutination scores of 10 or 12). In the presence of
chondroitin sulphate or dextran suphate the Rh(D) reactivity w a s either
decreased or masked within 60 mins. In the presence of dextran sulphate
the decrease in reactivity of the monoclonal IgM/polyclonal IgG anti-D
reagent compared to the monoclonal IgM/IgG anti-D reagent is most likely
to be either a difference in the reactivity of the reagents in the presence of
dextran sulphate or alternatively dextran sulphate interferes with or masks
the reaction between the monoclonal IgM/polyclonal IgG anti-D more than
with the monoclonal blend anti-D reagent.
Commercial anti-D reagents were once manufactured exclusively from the
plasma of immunised h u m a n volunteers and these reagents d o not parallel
the reactivity of the newer monoclonal reagents n o w in use[125]. However,
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monoclonal antibodies directed against D define a single epitope of the D
antigen only. The D antigen is composed of multiple epitopes so the use of
a single monoclonal D typing sera m a y not detect all Rh(D) positive
erythrocytes[125]. For example, erythrocytes with a partial D, lacking one or
more of the D epitopes, will fail to react with the monoclonal antibody
directed against the epitope(s) the erythrocytes lack. Therefore, D typing can
be done (i) using a monoclonal anti-D blended with h u m a n polyclonal
antibody and if the direct agglutination is negative converted to an indirect
agglutination test in which the reaction with the h u m a n polyclonal D
would be demonstrated or (ii) with a monoclonal antibody blend containing
both IgG and I g M anti-D, that recognises all forms of partial D. A s both of
the above typing reagents were used in the D typing of the erythrocytes in
the polymer matrices, it would be expected that the majority, if not all,
Rh(D) positive erythrocytes would be detected using this combination of
reagents.
The same Rh(D) positive erythrocytes were incorporated into the polymers
along with the different polyelectrolytes, that is the same erythrocytes were
used in the presence of PVS, heparin sulphate, chondroitin sulphate and
dextran sulphate. Those erythrocytes would therefore be expected to Rh(D)
type as positive, like in the presence of P V S , heparin sulphate and
chondroitin sulphate. Therefore, it was concluded that the polyelectrolyte,
dextran sulphate, masked or interfered with the detection of the D reactivity
of those erythrocytes using a monoclonal/polyclonal blend D more than
with the monoclonal blend reagent. Even using both reagents the reactivity
of the D antigen w a s reduced more in the presence of dextran sulphate than
in the presence of the other polyelectrolytes.
W h e n incubated with erythrocytes, chondroitin sulphate caused rouleaux
that w a s detectable prior to incubation with the antibody. Rouleaux is a
phenomenon that has erythrocytes stacking like small dishes, held together
by w e a k surface-bridging forces [25]. The distinction between rouleaux and
agglutination is often difficult. With a large amount of rouleaux, instead of
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neat stacking of the cells, there are large clumps of cells which can be
mistakenly called agglutinates.
The difference in reaction between the A and B antigens and the Rh(D)
antigen, in the presence of polyelectrolytes and pyrrole, is thought to occur
because the 'A' and 'B' antigens are carbohydrate in nature whilst the Rh(D)
antigen is protein in nature. Proteins are generally more susceptible to
denaturation than carbohydrates.
Alternatively, the difference in reaction could be due to a difference in
antigen density, with there being a m u c h higher number of A and B
antigens than D antigens on erythrocytes. Estimates on the number of Ai
sites in an adult is 0.83x106 per erythrocyte, B sites is 0.75x106 per erythrocyte
and D sites between 9900 and 33 300 per erythrocyte[15].
3.3.4 Electronic Cell Counting
Electronic cell counting indicated that in the presence of the m o n o m e r
constituents, of sucrose, P V S and pyrrole, erythrocytes show no variation in
cell size. However, there w a s what is thought to be an artificial increase in
haemoglobin concentration leading to a falsely raised M C H and M C H C .
3.3.4.1. The MCV

or size of the erythrocyte

In the presence of sucrose, P V S and pyrrole the size of the erythrocytes did
not alter significantly within an hour (0.05<p<0.4). W h e n pyrrole was
removed and the erythrocytes were in the presence of just sucrose and /or
P V S a decrease in M C V of 2.1% was observed. In the construction of the
biosensor the erythrocytes would never be in the presence of sucrose and/or
P V S without the presence of pyrrole so this result was not investigated
further.
3.3.4.2. The MCH

or mean cell haemoglobin

The erythrocytes showed no significant time related change in M C H over
one hour (0.05<p<0.9) in the presence of sucrose.

However, with the

addition of P V S and/or pyrrole there appeared to be a significant increase of
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4.5 - 5.2% (p<0.05). It was unusual that this increase in M C H was not
associated with a corresponding increase in M C V .
Further investigation was done by observing the trend of the haemoglobin
(Hb) and the actual numbers of erythrocytes (RBC) present because the M C H
is calculated from these two parameters. The numbers of erythrocytes did
not alter significantly (0.05<p<0.2) but a significant increase of 7.5-9.6% in H b
occurred (p<0.05).
In reality the haemoglobin from erythrocytes collected from an adult
remains constant or m a y decrease but cannot increase because mature red
cells have no ability to synthesise haem or globin[126]. The method for H b
determination lyses all the erythrocytes in the sample before a H b is
measured so even gross haemolysis will not affect the final H b reading. It
w a s therefore concluded that the P V S and/or pyrrole added to the
absorbance reading at 525nm, resulting in an artificial increase in H b hence
leading to a falsely increased M C H .
3.3.4.3 The MCHC

or the mean cell haemoglobin concentration

The most significant result (p<0.05) that m a y have had practical
ramifications w a s an instantaneous increase in M C H C

of 3.0% w h e n

erythrocytes were placed into the m o n o m e r constituents of sucrose, P V S
and pyrrole. After this initial change no further time related changes
occurred within the hour (0.05<p<0.5).
M C H C measurements, using electrical impedance, are linear between 270
and 350 g/L. Above 350 g/L there is a flat response due to inaccurate
measurement of cells with abnormal shapes, deformability properties and
conductivity[127]. Addition of P V S and/or pyrrole to the solution raised the
M C H C above 350 g/L to 373 and 371 g/L respectively, Table 3.6. These results
were therefore above the linear range of the instrument for measurement of
the M C H C .
The increase in observed M C H C is most likely to be associated with the
artifically increased H b observed in Section 3.3.2. The M C H C is calculated
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using the H b , the M C V and the R C C (Chapter 2). Haemoglobin, present
inside the erythrocyte, would be at the upper limit of solubility if the actual
M C H C w a s above 370 g/L. W h e n the M C H C exceeds 400 g/L haemoglobin
crystallises and precipitates. The precipitates then attach to the erythrocyte
membrane

causing the erythrocyte to b e c o m e

rigid and fragile.

Haemoglobin precipitates can be observed by staining the erythrocytes with a
supravital stain, methylene blue. A selection of solutions were stained for
haemoglobin precipitates. N o precipitates were observed, indicating no
insolubility of the haemoglobin within the erythrocyte.

This result

provided further evidence that the increase in M C H C w a s more likely to
have been created from the artificially increased H b .

Table 3.6: MCHC results of erythrocytes in the presence of monomer constitue
an electrical impedance Coulter counter.
Solutions tested (n=number)

mean M C H C (g/L) ± SE

sucrose (n=7)
sucrose+PVS (n=7)
sucrose + PVS + pyrrole, (n=7)

356 ±3.5
373 ± 3.3
371 ±3.7

3.3.5. Lysis of erythrocytes
3.3.5.1. Total percentage of lysis
There w a s minimal lysis, < 1 % , of the erythrocytes over the two hours with
the addition of 1 g/L P V S and/or 0.1M pyrrole, Table 3.7.

Table 3.7: Lysis of erythrocytes in the presence of sucrose (0.27M); PVS (lg/L
pyrrole (0.1M)
Test Solutions
Lysis(%) 30 mins Lysis(%) 60 mins Lysis(%)120 mins
RBC/sucrose
0.56
0.46
not done
RBC/sucrose/PVS
0.48
0.45
0.73
RBC/sucrose /PVS/pyrrole
057
064
0.70
3.3.5.2. Autohaemolysis test (Erythrocyte enzyme and membrane
function)
There w a s n o obvious e n z y m e defect or m e m b r a n e defect induced on
erythrocytes b y the presence of sucrose (0.27M), P V S (lg/L) and pyrrole
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(0.1M). The percent lysis, for controls and tests, fell within normal range,
Table 3.8. The normal range for 48 hrs incubation without glucose is 0.22.0% haemolysis and with glucose present is 0.0-0.9% haemolysis[17].
T A B L E 3.8: Autohaemolysis test results at 48 hrs
Test solutions

% haemolysis
(with glucose)

% haemolysis
(without glucose)

0.66
0.29
0.04

0.69
0.37
0.31

RBC + PVS
RBC + PVS + pyrrole
control blood

3.3.5.3. Osmotic Fragility
The normal range for the m e a n corpuscular fragility ( M C F ) of freshly
collected heparinised erythrocytes, at 20°C p H 7.4, is 4.0 - 4.45 g/L NaCl [17].
The addition of pyrrole and P V S to erythrocytes lowered the p H to 6.44
(Chapter 4) and as the experiments were carried out at temperatures of 7 and
17°C respectively, interpretation of the results w a s qualitative. The M C F of
erythrocytes in the presence of pyrrole (0.1M) and P V S (1 g/L) were
compared to the M C F of erythrocytes in the presence of sucrose (0.27M) only.
Stored blood contained more osmotically fragile erythrocytes than fresh
blood, the M C F w a s lower for fresh blood (Table 3.9). This observation has
been well documented in the literature[13, 15, 127-130]. Increasing the
temperature of the m o n o m e r solution from 7°C to 17°C did not alter the
fragility of the fresh or stored erythrocytes significantly, the MCF's were
approximately the same (Table 3.9).
The ( M C F ) of stored erythrocytes, in the presence of P V S and pyrrole,
decreased (Table 3.9) indicating that stored erythrocytes had become more
osmotically resistant. That is those stored erythrocytes were less fragile than
if the stored erythrocytes were incubated just with isotonic sucrose.
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Table 3.9: Mean corpuscular fragility of test erythrocytes and a heparinised control in the
presence of monomer components.
M C F - [saline] g/L at
Fresh blood (FB)
F B + P V S + sucrose
FB + P V S + sucrose +pyrrole
Stored blood (BB)
B B + P V S + sucrose
B B + P V S + sucrose +pyrrole

M C F - [saline] g/L at

TC

17°C

4.5
4.3
4.6
7.2
6.0
5^4

4.0
4.3
4.6
6.6
5.5
5^5

As an alternative to calculating MCF's osmotic fragility can be recorded as a
graph, where the measured percentage of lysis is plotted for each saline
concentration. Graphical representation, Figure 3.1, of the osmotic fragility
of stored and fresh blood, at 17 °C, indicated that at the osmotic strength of
the polymerisation solution (9 g/L) there w a s less than 1 % lysis of the
erythrocytes in the presence of P V S and/or pyrrole.
The results also s h o w e d that in the presence of pyrrole and P V S the
erythrocytes did not become spherocytic. That is, the graph had no 'tail' of
fragile cells, which would indicate a population of spherocytes, nor did the
entire curve shift to the right of the control cells, which would also imply
that the majority of erythrocytes were spherocytes. These findings were
confirmed by a Pink's test (see below).
The erythrocytes did not lose water or potassium to the extent where the cell
had b e c o m e m o r e osmotically resistant to hypotonic saline. That is, there
w a s n o 'tail' of osmotically resistant erythrocytes nor w a s the entire curve
shifted to the left of the control cells, even though there w a s a small
decrease in the M C F (6.6 to 5.5).
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Figure 3.1: Osmotic fragility of fresh and stored erythrocytes at 17 °C
3.3.5.4. Pink's Test (Spherocytosis)

The percentage of haemolysis was 33.4 % for erythrocytes in sucrose (0.27M)
which decreased to 26.9% in the presence of pyrrole (0.1M), PVS (1 g/L) and

sucrose. These results (Table 3.10) indicated that six week old erythrocytes
did not exhibit an increased susceptibility towards spherocytosis, once
washed and in the presence of sucrose, PVS and/or pyrrole.
Literature reports vary on the normal range for spherocytes in blood. One
group reports 0-30% haemolysis in health, whilst blood containing
spherocytic cells always demonstrated haemolysis above 28.5 %[118].
Another group reports healthy erythrocytes exhibit 0.8 - 10.7 % haemolysis
where as spherocytic cells exhibit 16.9-80.3% haemolysis[131]. The blood
used in this assay was stored blood, nearing the six week expiry, so it was
already likely to have contained small numbers of spherocytes, explaining

the 33.4% haemolysis in the presence of sucrose only. The initial quantity o

spherocytes present was irrelevant in this case, because the test was used a
measure on whether the same erythrocytes in the presence of sucrose
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contained similar or increased numbers of spherocytes in the presence of
sucrose, pyrrole and PVS.
Table 3.10: Spherocytosis of erythrocytes in the polymerisation solution
Test solutions
Blood + Sucrose
Blood + Sucrose + P V S (3 g/L)
Blood + Sucrose + P V S +pyrrole

Haemolysis (%)
33.4
29.7
26.9

3.3.6. Oximetry
Oximetry, including p H measurements, w a s carried out as a means to
measure the integrity of the erythrocytes after they had been washed first in
an oxygenated solution of I S O T O N , then in a deoxygenated solution of
sucrose and again after those washed erythrocytes were placed into a
deoxygenated environment, the m o n o m e r feed solution.
Erythrocytes were subjected to a significant drop (p<0.0004) in p H (6.69 to
6.35), Table 3.11, after being washed in an oxygenated solution followed by a
wash in a deoxygenated solution. Once washed, the p H did not alter
significantly (0.05<p<0.22) after the erythrocytes are placed into the feed
solution ready for polymerisation, p H 6.44 ± 0.09.

The erythrocyte

membrane provides no effective barrier to the movement of hydrogen ions,
therefore erythrocytes contain buffer systems[124], including haemoglobin,
the bicarbonate/carbonic acid pair and phosphate[132], resulting in
erythrocytes being relatively stable in solutions between p H 4 and p H 10. A
drop to p H 6.35 should not compromise erythrocyte integrity.
There w a s no significant alteration in the percentage of haemoglobin
derivatives in the erythrocytes, in either the oxygenated or deoxygenated
washed erythrocytes, nor w h e n those same erythrocytes were placed into the
deoxygenated m o n o m e r feed solution (Table 3.11), other than the
rnethaemoglobin increase of 0.2% (p<0.05) found after the erythrocytes were
washed in deoxygenated sucrose. However, once those cells were placed
into the feed solution the level of rnethaemoglobin w a s minimal.
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Table 3.11: Oximetry results of erythrocyte containing solutions prior to the
polymerisation process. The feed solution contained a suspension of 4 0 % v/v
erythrocytes.
Parameters measured (n) ISOTON washed

Sucrose washed

Pre-use Feed

RBC's ± SEM

RBC's ± S E M

solution ± S E M

O H b % (5)

72.9 ± 3.6

69.7 ± 3.1

64.5 ± 2.9

DeoxyHb % (5)

28.2 ± 3.2

24.8 ± 3.2

33.7 ±3.1

MetHb % (5)

0.4 ± 0.07

0.2 ± 0.07

-0.3 ± 0.2

C O H b % (5)
p02 mmHg (5)

1.9 ±0.8

2.0 ± 0.8

2.0 ± 0.6

64.2 ± 4.3

59.0 ± 3.9

75.1 ±3.9

pC02 mmHg (5)

33.0 ± 8.7

23.2 ± 3.5

16.6 ± 1.6

pH(5)

6.69 ± 0.06

6.35 ± 0.04

6.44 ± 0.09

W a s this significant increase in rnethaemoglobin levels enough to explain
the appearance of 'holes' post polymerisation?

Methaemoglobin forms

w h e n wafer enters the hydrophobic globin pocket and reacts with the
highspin ferrous iron to give ferric iron[126].

In the h u m a n body

erythrocytes detoxify upto 1-3% of methaemoglobin daily via their intrinsic
reduction mechanisms, so it was considered highly unlikely that an increase
of 0.2% methaemoglobin could not be detoxified by the erythrocyte.
N o significant alteration in the partial pressure of oxygen (0.05<p<0.5) or
carbon dioxide (0.05<p<0.4) were observed after erythrocytes were washed,
in either deoxygenated or oxygenated solutions. There w a s however a
significant reduction in the partial pressure of carbon dioxide (p<0.05) and a
significant increase in the partial pressure of oxygen (p<0.04) between
erythrocytes washed in an oxygenated solution and then those same
erythrocytes placed into the deoxygenated m o n o m e r feed solution. This
result indicated that minimal oxygen would be given u p by the erythrocytes
into the polymerisation solution, which is discussed in detail (section 3.5).
3.4 Discussion
The integrity of the washed erythrocytes which were placed into the
m o n o m e r feed solution needed to be ascertained with the use of a battery of
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haematological tests. Agglutination tests indicated that Rh(D) and A B O
antigen viability could be maintained in a feed solution containing pyrrole
(0.1M).

Antigen viability w a s maximised w h e n the feed solution was

prepared and used fresh, that is within one hour of preparation.
It w a s necessary to use a second counterion to preserve the integrity of the
erythrocyte (discussed in detail, Chapter 4). P V S was selected as the second
counterion in addition to erythrocytes because it w a s readily available,
provided conductivity within the otherwise non-electrolyte m o n o m e r
solution and was hydrophilic, so would produce a polymer more compatible
with the erythrocytes.
Agglutination reactions indicated that the co-counterion could also have
been heparin sulphate, as heparin sulphate and P V S have similar roles in
the polymerisation solution and showed similar reaction scores w h e n
testing antigenicity in the solution. Chondroitin sulphate did impart more
protection for the Rh(D) antigen in higher concentrations of pyrrole, but this
protection w a s for only a short period of time so that no great advantage
would be gained.

In addition, it w a s not understood what effect the

rouleaux observed in samples containing chondroitin sulphate would have
on antigen-antibody binding.
Anionic polymer attachment to erythrocyte membranes can increase
m e m b r a n e rigidity[133], leading to an instability within areas of the lipid
bilayer and ultimately causing the erythrocyte to become more osmotically
fragile. The series of tests used to indicate, either increased osmotic fragility,
the presence of haemolysis or spherocytosis, showed, with P V S and
erythrocytes as dual counterions in the feed solution, that erythrocytes
remain intact.

There w a s no alteration in shape, nor did the cells

haemolyse, nor w a s it demonstrated that m e m b r a n e or enyzme function
was compromised.
The p H 6.35 of the feed solution m a y appear acidic w h e n compared to the
p H 7.38 for venous blood[124]. However, the p H of solutions used for the
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long term storage of erythrocytes is 6.6[18] which is comparable with the
measured

pH

of the deoxygenated

sucrose washed

erythrocytes.

Importantly, the p H remained relatively unaltered once the sucrose washed
erythrocytes were placed into the feed solution containing P V S because P V S
is a strong acidic polyelectrolyte[134], even though it was added to the
polymerisation solution as the sodium salt which would make it less acidic.
Leakage or precipitation of haemoglobin or oxygen from the erythrocytes
was not demonstrated. Haemoglobin exists in different forms and in certain
conditions can be

converted

methaemoglobin.

When

into different states, for example,

in sufficient quantity

methaemoglobin

precipitates and attaches to the erythrocyte membrane creating holes in the
membrane and eventually resulting in the lysis of the erythrocyte. The
numerous 'holes' observed in the polymer matrix was not thought to be the
result of the increase (0.2%) in methaemoglobin measured after the
erythrocytes were washed in deoxygenated sucrose.
Electrochemical assays are normally performed in the absence of oxygen,
however, because the erythrocytes carry so m u c h haemoglobin, hence
oxygen, it w a s not possible to eliminate all the oxygen prior to
polymerisation. Erythrocytes purged of oxygen could also compromise the
integrity of those cells by increasing their osmotic fragility[127].
Oximetry results indicated that oxygen remained bound to the haemoglobin
and was not delivered info the solution, despite being placed into an oxygen
free environment. Oxygen release by the erythrocyte is dependent on the
level of carbon dioxide in the system, as well as the low oxygen tension
present in the m o n o m e r feed solution.
The normal oxygen tension of venous blood is 30-49 mmHg[135].

The

erythrocytes were collected then stored in atmospheric air at sea level (p02
159 m m H g ) . Pipetting and washing of the erythrocytes increased the p 0 2 to
64 m m H g . The p 0 2 increased to 75 m m H g w h e n those erythrocytes were
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placed into a deoxygenated polymerisation solution. That is the affinity of
the erythrocyte for oxygen increased.
Deoxygenation of the m o n o m e r solution removed oxygen but it also
removed carbon dioxide, so that carbon dioxide levels would be less than
the atmospheric air carbon dioxide levels. Atmospheric air at sea level
contains 0.04% carbon dioxide which relates to a p C 0 2 of 0.3 mmHg[135].
W h e n the washed erythrocytes with a p C 0 2 of 33.0 m m H g were placed into
the deoxygenated polymerisation solution the p C 0 2 decreased to 16.5
mmHg.

The resulting difference in p C 0 2 between the erythrocyte

(33.0mmHg) and the polymerisation solution (<0.3 m m H g ) is 32.7 m m H g so
the carbon dioxide inside the erythrocytes was given up into the m o n o m e r
solution.
The decrease in p H to 6.44 after the erythrocytes were washed in the
deoxygenated sucrose solution could have resulted from the release of
carbon dioxide into the feed solution. Alternatively, carbon dioxide was
released into the feed solution because the p H decreased.

Inside an

erythrocyte the carbon dioxide undergoes a pair of reactions outlined in
Equation 3.1.

C02 + H20^ H2C03 ir* H+ + HCCV
Equation 3.1
At p H 6.44 the reaction in Equation 3.1 was going to the left as it is written,
that is hydrogen ions reacted with bicarbonate ions to form carbonic acid
then carbonic acid formed carbon dioxide and water. Carbon dioxide levels
inside the erythrocyte rose which contributed to the observed difference in
carbon dioxide gradient.
Therefore, even though erythrocytes were placed into a deoxygenated
environment which had a low oxygen tension, the oxygen remained
attached to the haemoglobin as a consequence of the accompanying low
carbon dioxide tension, the increased hydrogen ion concentration (decreased
p H ) , effectively increasing the haemoglobin affinity for oxygen. This agrees
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with normal respiration where the p C 0 2 and p H feedback control
mechanisms are more powerful in relation to the p 0 2 feedback control[135].
In summary, the haematological testing did not provide any information on
h o w or w h y the 'holes' appeared in the polymer containing erythrocytes
however the results indicated that the polymerisation ingredients and the
preparation of the feed solution left the erythrocyte intact. Importantly, the
oxygen associated with the erythrocytes would not present a problem for the
polymerisation of pyrrole, during synthesis of the biosensor.
3.5. Conclusion
The structure and function of the erythrocyte and the antigenicity of the
antigens in the erythrocyte m e m b r a n e were not compromised

when

erythrocytes are in the presence of P V S (1 g/L), pyrrole (0.1M) and sucrose
(0.27M) solution. The oxygen will remain attached to the haemoglobin
w h e n those erythrocytes are added to the deoxygenated feed monomer.
There w a s no indication that the 'holes' appear in the polymer because the
erythrocytes are compromised prior to being incorporated. The next section
of work will discuss the conditions required for successful polymerisation of
polymers containing erythrocytes.
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CHAPTER 4
SYNTHESIS OF POLYMERS INCORPORATING HUMAN
ERYTHROCYTES
4.1. Introduction
To construct a biosensor surface for reverse blood grouping it is necessary to
incorporate the biological component, h u m a n erythrocytes, into an
electrically conducting polymer, polypyrrole. The response of the antigens
on the erythrocytes and the polymer will be monitored w h e n an antibody is
presented into the environment.
This work can be summarised, as discussed in Chapter 1 (Section 1.3.3.), by
the two schematics, 1.3 and 1.4.
Schematic 1.3: Biosensor surface + interaction + signal generation = Blood group
antigen/antibody binding screen
Schematic 1.4: Pynole + R B C + supporting electrolyte = Biosensor surface
The previous chapter dealt with the left hand side of Equation 1.3; that is, it
determined that pyrrole and the supporting polyelectrolyte, P V S , have
minimal deleterious effect o n the erythrocyte and the erythrocyte antigens
which are ultimately required for blood group determination (note that the
ingredients that comprise the m o n o m e r solution alone, without application
of a current, had no adverse effects, Chapter 3). This chapter deals with
issues associated with the synthesis of the biosensor surface, or the right
hand side of Equation 1.3.
A s discussed in Chapter 1, there are m a n y methods for immobilising a
biological element onto an electrode. For this project it w a s decided to
incorporate the biological element, the erythrocyte, in a one-step
polymerisation procedure, with the m o n o m e r . The immobilisation feature
will ultimately

dictate

the reliability

and performance

of the

immunosensor, since the biological element incorporated will be the
recognition element of the biosensor.

Synthesis using electrochemical
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methods provides a simple, clean, efficient route to polymer formation. By
controlling the electrochemical synthesis one can build into the polymer
specific electrical, physical or chemical properties[91] which can influence
the signal generated by the biosensor surface.
Electrochemical synthesis must be s h o w n not to compromise the activity of
the erythrocyte blood group antigens. Successful synthesis involved (i)
finding a suitable substrate on which to deposit the polymer, (ii)
determination of a deposition procedure, (iii) optimisation of the
concentration of each solution ingredient, (iv) determination of the effect of
polymerisation on the solution ingredients, especially the antigen activity
and the oxygen content of the erythrocyte and (v) optimisation of the
electrochemical conditions used for polymerisation of pyrrole with
incorporation of erythrocytes. These conditions will influence the final
characteristics of the polymer and the erythrocyte.
4.1.1. Polypyrrole Deposition
Polypyrrole is readily synthesised, via in situ electrodeposition, according to
Equation 4.1, where A " is the anion incorporated during synthesis to balance
the positive charge on the polymer backbone and n=3-4.

// \\+
N

A

™

Electro-oxidise

Equation 4.1

The polypyrrole film generally adheres well to the electrode. The insoluble
products begin deposition onto the electrode via a nucleation phenomena;
that is polymer nuclei are formed at s o m e preferred location on the
electrode surface, usually at an irregularity, and the nuclei continue to grow
three dimensionally until finally overlapping and coalescing into a
film[136].
Polypyrrole has been described as "an insoluble and infusible, crosslinked
polymer with no regular long side chains" [137]. The polypyrrole polymer is
an extended K conjugated system with alternating single and double bonds
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along the backbone. Most of the pyrrole units are linked at the 2,5 positions,
although 2,3 couplings do not take m u c h more energy and so a significant
n u m b e r of units can be coupled through the 2,3 positions. Hence the
polypyrrole chains are highly branched and do not orientate easily[36].
4.1.2. Incorporation of Erythrocytes into Polypyrrole
The deposited film is conducting and studies have revealed that polypyrrole
exhibits m a x i m u m electrical conductivity w h e n there is one positive charge
per three to four pyrrole moieties[138].

Elecfropolymerised films of

polypyrrole also contain anions which are associated with the cationically
charged polymer to maintain electrical neutrality. The amount of anion
incorporated will be influenced by the level of oxidation and will vary from
film to film[37]. The type of anion that can be incorporated, ranges from a
simple anion, like chloride or nitrate, to larger anionic polyelectrolytes or
even

complex

biologically

mucopolysaccharides.

derived

anions

such

as proteins

or

To date no one has used individual cells as the

anion.
Molecular functionality can be built into the polypyrrole polymer by
incorporation of an appropriate counterion. The choice of supporting
electrolyte and the solvent is important in the course of the electrochemical
reaction and is also important if the molecular functionality and integrity of
the counterion is to be maintained.

In the electrochemical reaction the

solvent itself should be inert toward the starting material and the final
product. That is the oxidation and reduction must be more difficult than
that of the substrate[139].

Other factors to consider w h e n choosing a

supporting electrolyte and a solvent include: proton activity, usable
potential range, dielectric constant, ability to dissolve substrates, accessible
temperature range, viscosity, toxicity and vapour pressure[89].
Water as a solvent has a low viscosity, is readily available and easily
purified.

The m o n o m e r , pyrrole, has a lower oxidation potential than

water. Supporting polyelectrolytes and pyrrole are soluble in water. Water
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is a solvent that is compatible with erythrocytes, providing it is m a d e
isotonic or isoosmotic, whereas the non-aqueous solvents are not
compatible with erythrocytes and can precipitate proteins[140].

Water

possesses a high dielectric constant[96]. In a less polar solvent than water,
the distribution of charges on a protein molecule will be changed, with a
lower dielectric constant.

This m a y lead to denaturation of protein

molecules causing decreased solubility if the temperature is kept low[140].
Water is m a d e isotonic with the addition of electrolyte salts such as sodium
chloride or sucrose. If sodium chloride was used there would be m a n y
highly mobile chloride ions free to be incorporated into the polymer,
leaving less attachment sites for the m u c h less mobile erythrocytes.
Chloride ions in the polymerisation solution can become

strong

nucleophilic counterions so were avoided because polymer growth can be
blocked if radical cations derived from the dimeric or oligomeric species
react with nucleophiles to give addition products[141]. The m o n o m e r feed
solution will contain pyrrole that will be polymerised to form polypyrrole
and erythrocytes that will be dissolved in water, m a d e isoosmotic with
sucrose. H u m a n erythrocytes carry an overall negative charge so after
polymerisation m a y be incorporated into the polypyrrole matrix as the
source of anion.
4.2. Experimental
Pyrrole (Merck), w a s purified by fractional distillation between 130-131 °C
and stored under nitrogen at -10 °C. De-ionised water (purified to 1 8 M Q
cm2) w a s used to prepare all solutions and buffers. Blood was collected,
under ethics approval with the consent of the donor, into anticoagulant and
prepared as outlined in Chapter 3.
4.2.1. Preparation for Light Microscopy (LM)
Polymers were synthesised galvanostatically, rinsed in 0.15M NaCl then
fixed in either Zamboni fixative[142] or 0.16% glutaraldahyde in phosphate
buffer for 20 mins and 10 mins respectively, at room temperature.

The
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polymers were washed three times in 7 0 % ethanol, twice in absolute alcohol
then attached to glass slides ready for staining. The polymers were stained
using Haematoxylin and Eosin (H&E)[17],
4.2.2. Methods
A n initial study w a s carried out to ascertain the basic electrochemical
requirements necessary to polymerise a polypyrrole polymer containing
erythrocytes. In this pilot study arbitrary values were chosen for the
concentration of the ingredients.

The m o n o m e r solution, containing

pyrrole (0.1M), sucrose (0.27M) and P V S (1 g/L), w a s purged with nitrogen
for 5 minutes to remove oxygen. Washed erythrocytes (40% v/v) suspended
in nitrogen-purged sucrose were then added to the m o n o m e r solution
immediately prior to use.
4.2.2.1. Electrode Pretreatment
A comparison w a s m a d e between cut untreated gold mylar and gold mylar
electrodes after pretreatment steps were undertaken, to ascertain if adsorbed
hydrogen films on the surface, or different oxidation states create
unacceptable day to day variability. Pretreatment steps involved (i) soaking
the gold in milliQ water, (ii) ultrasonicating the gold in 7 0 % ethanol then
rinsing and wiping with water, (iii) soaking in blood, (iv) soaking in
absolute alcohol, (v) soaking in a reductant of 2 0 % ferricyanide then rinsing
in water and (vi) cycling in 1 0 % sulphuric acid then holding at 0.17V for 5
mins prior to growth to condition the gold.
All the polymers were assessed qualitatively by light microscopy taking
specific notice of the red cell distribution and red cell integrity in the
polymer.
4.2.2.2. Galvanostatic Deposition
The effect of current density (over the range 0.25 - 1.5 m A c m - 2 ) and the
growth time (0.5 - 2.0 mins) on the quality of polymer produced, w a s
investigated.
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4.2.2.3. Potentiostatic Deposition
The effect of applied potential (over the range 700-950 m V ) and the growth
time (0.5 - 1.0 mins) on the quality of polymer produced, was investigated.
4.2.2.4. Potentiodynamic Deposition
For potentiodynamic growth, the oxidative potential was set at 900 m V (vs
Ag/AgCl).

The effect of initial potential ( -170 & 170 m V ) , reduction

potential (-750, -350 & O m V ) , scan rate (25 & 100 mV/sec) and the number of
cycles (3 - 6) were investigated.
4.2.2.5. Determination of an Effective Pyrrole Concentration
A gold electrode ( 5 m m x 5 m m dimensions) was cycled, from 0.8 to -0.8V (vs
Ag/AgCl) at 25 mV/sec, in:
(i) P V S (3.15 g/L)/sucrose (92.4 g/L) and
(ii) P V S (3.15 g/L)/sucrose (92.4 g/L)/RBC (160 mls/L) solutions with the
absence and presence of pyrrole. That is 0 M , 0.001M, 0.05M and 0.1M
pyrrole.
4.2.2.6. Erythrocytes as the Sole Anion
The m o n o m e r solution contained pyrrole (0.1M) and sucrose (0.27M).
Washed erythrocytes (24 mis/100 mis of m o n o m e r ) were resuspended in
nitrogen-purged sucrose then added to the m o n o m e r solution immediately
prior to use.
Polymers were synthesised galvanostatically for 0.5, 0.75 and 1.0 m A c m - 2 for
0.5 and 1.0 min. The gold electrode had a surface area of 20 c m 2 . T h e
polymers were

assessed

qualitatively by light microscopy.

The

electroactivity of the polymer w a s assessed using the techniques of
chronopotentiometry and cyclic voltammetry (Chapter 2).
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4.2.2.7. Erythrocytes Plus a Simple Anion
A simple counterion nitrate (as Sodium Nitrate (12.8 g/L) was added to the
m o n o m e r solution (Section 4.2.2.6.) and polymers synthesised and assessed
as Section 4.2.2.6.

4.2.2.8. Erythrocytes in Combination with Polyelectrolytes/Counterions
A short series of experiments were designed where polymers were
synthesised from the m o n o m e r solution (Section 4.2.2.6.) with a synthetic
polyelectrolyte

(poly(vinyl) sulphonate) or

naturally

occurring

polyelectrolytes (chondroitin sulphate, dextran sulphate and heparin
sulphate) incorporated. The polymers were assessed as Section 4.2.2.6.
The polymeric counterions were chosen because they were readily available
and had physicochemical properties that could influence the properties of
the final polymer so that polymer would be compatible to the erythrocytes.
Counterion concentrations were varied, although were based on previous
work done in these laboratories [112, 143, 144]: Poly (vinyl) sulphonate (PVS)
(0.5,1.0, 3.0 & 5.0 g/L), Heparin sulphate (HS) (50 000 units) (0.5, 0.75,1.0,1.25
, 2.5 & 5.0 g/L), Dextran sulphate (DS 2) (Mr 106) (2.5 g/L), Dextran sulphate
(DS 1) ( M W 40 000) (5.0 g/L) and Chondroitin sulphate (CS) (2.5 g/L).
Combinations of the counterions: P V S + H S (3.0 + 2.0 g/L); C S + H S (2.5 +
2.0 g/L); DS1 + P V S (2.5 + 3.0,1.25 + 1.5 & 0.75 + 1.5 g/L); DS1+ H S ( 1.25 +
1.25 g/L); P V S + N O 3 (3.0 + 12.8 ); P V S + Gafquat (5.0 + 5.0 & 1.0 +1.0 g/L)
were also investigated.
4.2.2.9. Optimisation of Erythrocyte Concentration
A n average of ten polymers were polymerised for each galvanostatic
deposition condition (0.5, 0.75 and 1.0 m A c m - 2 for 0.5 and 1.0 min). T w o
concentrations of packed red cells; 16%(v/v)and 4 0 % (v/v), were added to
seven standard polymerisation solutions of pyrrole (0.1M), P V S (1 g/L) and
sucrose (0.27M).
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The erythrocyte integrity in suspensions w a s assessed using oximetry
(Chapter 3, Section 3.2.2.7.) whilst in the polymer matrix it w a s assessed via
light microscopy.
4.2.2.10. Effect of Erythrocytes (40% v/v) on Polymerisation of Pyrrole
Polymers were synthesised galvanostatically and a plot of potential versus
time w a s recorded. Comparisons were m a d e between plots recorded during
synthesis of polymers both with and without erythrocytes, to determine the
effect that the presence of the erythrocytes had on potentials reached during
polymerisation.

4.2.2.11. Effect of oxidative polymerisation conditions on the erythrocy
A n average of ten polymers were polymerised from each feed solution by
using galvanostatic deposition conditions (0.5, 0.75 and 1.0 mAcm-2for0.5
and 1.0 min).
Oximetry w a s used to evaluate methaemoglobin (MetHb), oxyhaemoglobin
(OHb), carboxyhaemoglobin (COHb), deoxyhaemoglobin (deoxyHb) and p H
in both the pre and post polymerisation solutions containing erythrocytes.
Heinz bodies staining[17] w a s also carried out on the pre and post solutions
containing erythrocytes.
4.2.2.12. Electrical Effects on the Integrity of Erythrocytes
A n experiment w a s designed where polymers were grown at high current
densities (upto 3.0 m A c n r 2 ) for short times and at lower current densities
(down to 0.5 m A c m - 2 ) for longer times, with the total charge being kept the
same throughout, Table 4.1.
After growth the polymers were split into three sections. Section(A) was
fixed in 0.15% glutaraldehyde/phosphate buffer immediately post rinsing
then H & E stained. Section(B) w a s stored in 0.27M raffinose for 2 hrs before
being treated identically to section(A). Section(C) was stored 18hrs, at fridge
temperature (4 °C), before being treated identically to Secfion(A).

The

polymers were then assessed via light microscopic and a qualitative
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assessment of the quantity of biconcave, intact erythrocytes and 'holes' w a s
m a d e at Omins versus 2hrs and 18hrs.

Table 4.1: Combinations of current density and time used to pass a set amount
during electropolymerisation of polymers containing erythrocytes.
Charge (mC)

10
15
22.5

30

current density

time

(mAcm-2)

(sees)

0.5,1.0 &2.0
0.75, 1.5 & 3.0
0.75, 1.5 & 3.0
1.5, 0.5 & 3.0

20, 10 & 5
20, 10 &5
30, 15 & 7.5
20, 60 & 10

4.3. Results
4.3.1. Basic Electrochemical Conditions
The criteria used to assess the best electrochemical conditions for the
synthesis of polymers were the potential developed during deposition and
the resulting polymer's macroscopic and microscopic features. Macroscopic
evenness of the deposited polymer on the gold electrode w a s important,
whilst microscopically there needed to be sufficient quantity of erythrocytes
incorporated, uniform erythrocyte distribution within the polymer and little
or no alteration to the erythrocyte shape and size.
A s the results are descriptions arising from the qualitative visual
assessment via light microscopy throughout this thesis "macroscopically
uneven" describes a polymer where there were bare patches of gold
electrode not covered by polymer; whilst "microscopically uneven" refers to
polymers containing erythrocytes distributed such that there were
microscopic fields at 40x magnification that contained no erythrocytes. The
erythrocyte shape and size are described only if it differs from the 8 u m
discoid appearance.
4.3.1.1. Electrode Pretreatment
Pretreatment of the gold did not improve the quality of the deposited
polymer. Only this conclusive result is reported in this thesis because the
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individual result descriptions are long with little bearing on the final quality
of the biosensor surface. In all subsequent experiments the polymers were
polymerised onto untreated gold mylar, unless stated otherwise.
4.3.1.2. Galvanostatic Deposition
At current densities of less than 0.5 m A c m - 2 no polypyrrole w a s deposited,
indicating the rate of poymerisation was too low. At a current density of 0.5
m A c m - 2 for 0.5 mins the polypyrrole w a s deposited but the polymers were
macroscopically uneven. At current densities greater than 0.5 m A c m - 2 the
deposited polypyrrole polymers were macroscopically even.
Microscopically, the polymers deposited using current densities below 0.75
m A c m - 2 for 0.5 min appeared to be flat whilst at current densities above 0.75
m A c m - 2 for 0.5 min the polymers began to appear 'folded', Figures 4.1 & 4.2.
'Folding' seemed to occur because, once the entire electrode w a s covered
with polypyrrole, the polypyrrole keeps expanding along the same linear
plane, instead of layering. In order to keep polymerising onto the electrode
the polymer lifts from the electrode and folds over.
The distribution of erythrocytes varied in different sections of the polymer.
Generally, throughout the midsection of the polymer erythrocytes were
spaced uniformly with no stacking or aggregations (Figure 4.1). At the
meniscus there w a s a greater concentration of erythrocytes, aggregated and
stacked u p o n each other, whilst at the base very few erythrocytes were
present. Current density did not alter this distribution pattern greatly. The
microscopic descriptions of the erythrocytes were therefore m a d e from the
midsection of each polymer unless stated otherwise. At current densities of
less than 0.5 m A c m ' 2 , the polymers were microscopically uneven. Above
0.5 m A cm - 2 they became microscopically even.
Time of growth affected the overall quantity of 'holes' present (Figure 4.2).
Generally, polymers g r o w n for longer than 1 m i n contained a greater
number of 'holes' than intact erythrocytes. Polymers grown for 0.5 and 1.0
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m i n still contained 'holes' but they were less n u m e r o u s than intact
erythrocytes.

Figure 4.1 Image of a polymer showing 'holes', intact erythrocytes and polymer folding.
Synthesised at 0.5mAcnr 2 for 1.0 min. Scale bar 10 urn.

Figure 4.2 A higher power image of 'holes' and polymer folds. Scale bar 5um.
4.3.1.3. Potentiostatic Deposition
At potentials of less than 0.8V no polypyrrole w a s deposited. At potentials
between 0.8-0.85V, polymers were macroscopically uneven. A b o v e 0.85V
the polymers became macroscopically even. Microscopically, above 0.9V the
polymer began 'folding'.
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The erythrocyte distribution again differed depending on the section of
polymer, similar to those deposited galvanostatically. A b o v e 0.85V the
presence of 'holes' w a s equal to or greater than numbers of intact
erythrocytes.
4.3.1.4. Potentiodynamic deposition
From the potentiostatic deposition results it w a s noted that at 0.9V polymers
were macroscopically even, hence the upper limit of the potentiodynamic
deposition w a s set at this value.
Polymers cycled between 0 V and 0.9V were macroscopically uneven. Those
polymers cycled to more anodic potentials became macroscopically even.
The macroscopically even polymers showed no signs of polymer 'folding'.
The polymers were thinner than those deposited galvanostatically or
potentiodynamically. Extending the number of cycles from three to six
m a d e the resulting polymer thicker only around the edges of the electrode
and at the solution-air interface.
The erythrocyte distribution did not alter between sections within the
polymer. A s the scan rate increased so did the quantity of cells incorporated
into the polymer matrix. A s the polymers were cycled to more anodic
potentials the number of 'holes' that appeared increased. It takes longer to
cycle to the more anodic potentials, w h e n the scan rate remains unaltered,
hence the time the erythrocyte w a s subjected to the applied potentials
increased. Changing the initial potential of the cycle had no effect on either
the polymer formation or the quantity of erythrocytes incorporated.
Potentiodynamically deposited polymers took longer to prepare as the time
taken to complete the cycles w a s longer than the 0.5-1.0 mins taken to
deposit either galvanostatically or potentiostatically.
After this initial trial two deposition techniques: (i) potentiostatic deposition
using 0.85V or (ii) galvanostatic deposition using 0.5 m A c m - 2 for 0.5 - 1.0
m i n or 0.75 m A c m - 2 for 0.5 m i n appeared to produce polymers with a
midsection of electrode that had a macroscopically even distribution of
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polymer and a microscopically even distribution of erythrocytes with more
intact individual cells than 'holes'. Not understanding what effect the
polymer 'folding' might play in the performance of the biosensor surface,
that is if it m a y inhibit antibody - antigen binding, it w a s decided not to
proceed with polymers that had obvious 'folding' present. Galvanostatic
deposition w a s preferred as it allowed more control over the currents being
produced during growth.
The type of electrochemical deposition plays an important part in
determining the overall morphology and thickness of the polymer but these
two characteristics will also be influenced by the choice of solvent, the
incorporated anion and the electrochemical conditions. Therefore, after the
basic electrochemical requirements were chosen, more experiments were
necessary to optimise the concentration of the indivdiual ingredients that
m a d e up the m o n o m e r feed solution.
4.3.2. Optimisation of Solution Parameters
4.3.2.1. Determination of an Effective Pyrrole Concentration
Typically, pyrrole concentrations used previously for polymerisation are
within the range 0.01-0.5 mol/L[95]. The range of pyrrole concentrations
chosen to trial were 0.001M pyrrole upto 0.1M pyrrole because as discussed
previously the Rh(D) antigen on erythrocytes w a s denatured at pyrrole
concentrations of more than 0.15M.
Macroscopic examination of the electrodes post potentiodynamic deposition
indicated there w a s no polymer visible on the electrode surface at pyrrole
concentrations of less than 0.05M.

Polymer growth w a s observed

macroscopically if the pyrrole concentration w a s 0.05M or 0.1M.

The

polymers deposited using 0.05M pyrrole, however, were patchy and did not
cover the entire gold electrode, whilst those deposited using 0.1M pyrrole
coated the entire electrode in polymer.
Electrochemically, the deposition of polypyrrole onto the gold electrode w a s
indicated by a greater anodic current on the anodic cycle or return scan than
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the cathodic cycle or forward oxidative scan. This feature is consistent with
nucleation and growth of a conducting electroactive polymer on the
electrode surface [102] and arises because the effective surface area on the
electrode is increasing as small areas of polypyrrole nucleation are beginning
[145].
N o polypyrrole deposition w a s evident w h e n pyrrole, in concentrations of
0 M and 0.001M, were used (Figures 4.3 & 4.4). The current on the anodic
cycle w a s less than the current on the cathodic cycle between +0.6 and +0.8V
(vs Ag/AgCl).

Gold cycled in 0.01M pyrrole/PVS/sucrose,
with and without RBC's.
Scan rate: 25mV/sec
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Polypyrrole deposition occurred with pyrrole concentrations of 0.05M and
0.1M, Figures 4.5 & 4.6. The current on the anodic cycle is more than the
current on the cathodic cycle between +0.6 and +0.8V (vs Ag/AgCl). The
current produced w a s ten times higher magnitude w h e n 0.1M pyrrole was
used, compared with 0.05M pyrrole. This supported the macroscopic
observation that there w a s more deposition of polypyrrole, onto the
electrode, using 0.1M pyrrole.
The presence of erythrocytes in the m o n o m e r solution results in less
polypyrrole deposited onto the gold electrode, Figures 4.5 & 4.6. The current
peaks were one quarter the magnitude, between +0.6V and +0.8V (vs
Ag/AgCl), w h e n compared to the current peaks using a m o n o m e r solution
with no erythrocytes. This is not surprising since image analysis, Chapter 6,
showed that upto 70-72% of the surface area of the polymer, was occupied by
erythrocytes having a significant content of haemoglobin.
4.3.2.2. Erythrocytes as the Sole Anion
Polymers were very difficult to polymerise using erythrocytes as the sole
anion. The polymers were macroscopically very thin. Thin polymers arise
w h e n the potential is too high because polypyrrole becomes overoxidised
which results in a non-conducting polymer surface being produced. Further
polypyrrole will not form on top of the non-conducting layer so the polymer
deposited onto the electrode remains thin.
A typical chronopotentiogram, Figure 4.7, indicated that the polypyrrole
polymers were overoxidising with the potential becoming greater than 2.0 V
(vs A g / A g C l ) within 5 seconds of commencing polymerisation and
remaining high throughout the course of polymerisation. The polymer was
also confirmed to be electroinactive by C V (not shown), where little
hysteresis occurred.
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Figure 4.7: Chronopotentiogram of pp/RBC polymer. (Note: The maximum sensitivity
of the galvanostat was 2V, so the actual potential reached during polymerisation may in
reality have been much higher than 2V).

Microscopically, the polymers were uneven. S o m e erythrocytes were 'black'
(Figure 4.8) in colour, that is, m a n y erythrocytes stained 'black' and not the
usual magenta pink observed in H & E staining. 'Black' red cells are thought
to be erythocytes with polypyrrole polymerised inside the cell. H a d time
permitted. Electron microscopy would have been employed to ascertain
whether polypyrrole covered the surface of the erythrocyte.
It w a s thought that if possible it would be better to prevent polymerisation
potentials from exceeding IV, so that a conducting polymer is formed, while
the erythrocytes are kept intact with no 'black' cells present because the effect
of the polypyrrole deposition, inside or over the erythrocyte, o n antigen
availability is u n k n o w n .

T o achieve this, other anions/electrolytes, in

addition to erythrocytes, were added to the polymerisation solution.

Figure 4.8: T h e 'black' cells present after polymerisation with erythrocytes as the sole
source of anion. Scale bar is 5/*m.
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4.3.2.3. Erythrocytes Plus Nitrate
The polymers synthesised with both nitrate and erythrocytes as cocounterions, were very similar to those obtained using erythrocytes only.
That is, the polymers were macroscopically uneven and extremely thin,
whilst microscopically they were uneven with only some areas containing
morphologically normal erythrocytes.
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Figure 4.9: Cyclic voltammogram of a polymer using erythrocytes and nitrate
to a bare gold electrode. The polymers were grown onto a gold electrode (surface area 20
cm 2 ) using a current density of 0.5 mAcm-2for0.5 min and cycled in 0.15M NaCl.

The potentials reached during polymerisation were greater than 2.0 Volts
regardless of the current density used (data not shown), which w a s the same
as those polymers synthesised using erythrocytes as sole anion. The cyclic
voltammogram, Figure 4.9, s h o w e d that the polymer w a s relatively
electroinactive with minimal change upon reduction and oxidation of the
polymer in comparison with the bare gold electrode. This w a s a surprising
result as a m o n o m e r solution of N a N 0 3 (0.15M) and pyrrole, provided
sufficient conductivity to produce a conducting polypyrrole /nitrate polymer.
Addition of nitrate as a co-counferion with erythrocytes did not lead to a
conductive polymer being synthesised indicating that either another
problem had been created or that insufficient conductivity of the pyrrole,
erythrocyte solution w a s not the original problem.
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4.3.2.4. Erythrocytes in Combination with Polyelectrolytes
Conducting polymers were synthesised using a m o n o m e r solution with
polyelectrolytes as co-counterions to erythrocytes. Polymers with dextran
sulphate as co-counterion (of either molecular weight) were macroscopically
even but microscopically uneven with m a n y 'holes' present. These 'holes'
were extremely large and often irregular in shape (horseshoe or star shaped
appearance), Figures 4.10 & 4.11. The dextran sulphate also inhibited the
expression of the Rh(D) antigen/antibody binding (see Chapter 3) so w a s not
used in any further work.

Figure 4.10 and 4.11 : H & E stains of erythrocytes in a polymer with dextran sulphate as
co-counterion. The erythrocytes are irregular in shape and some are extremely large, scale
bar lOum.
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Chondroitin sulphate polymers were macroscopically and microscopically
even, but the erythrocytes were in string or rouleaux formation, not discrete
single entities. It w a s thought that, if the erythrocytes were stacked in this
formation, this could reduce the number of antigen sites, which are located
on the erythrocyte surface, accessible to antibody. Chondroitin sulphate was
not used in any further studies.
W h e n either heparin sulphate or polyvinyl sulphonate were used as cocounterions, polymers

were

similar

both

macroscopically

and

microscopically, that is, even with erythrocytes incorporated as single
entities throughout the polymer matrix. There were still 'holes' present but
the numbers of 'holes' were less than the number of intact erythrocytes.
The appearance of 'holes', still occurred w h e n polymers were synthesised
from m o n o m e r solutions containing two separate polyelectrolytes in
combination with erythrocytes; that is three counterions. The use of more
than one polyelectrolyte was discarded as it afforded no further advantage in
terms of polymer morphology and w a s an unnecessary cost for any future
mass production of the biosensor surface.
Hence, the polymers that were uniform, both macroscopically and
microscopically, were those which included P V S (concentrations less than
3.0 g/L) or heparin sulphate (concentrations between 0.5 g/L and 5.0 g/L) as
co-counterions with erythrocytes.

Polymers deposited using

PVS

concentrations greater than 3.0 g/L were macroscopically uneven. Polymers
deposited using heparin sulphate concentrations less than 0.5 g/L contained
'black' cells. A s a general rule, too little polyelectrolyte saw 'black' cells
appearing whilst too high a polyelectrolyte concentration led to
macroscopically uneven polymer deposition.
A s mentioned in Chapter 3, P V S w a s readily available and provided
conductivity within the otherwise non-electrolyte m o n o m e r solution. The
chronopotentiometric and cyclic voltammetric results illustrated (Figures
4.12 & 4.13) were typical of the results obtained w h e n using PVS, but were
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also typical of any of the polyelectrolytes that were used in combination with
erythrocytes as counterions.
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Figure 4.12: Chronopotentiogram of pp/RBC/PVS polymer grown using a current
density of 0.75 mAcm"2 for 0.5 mins.
A typical chronopotentiogram of a pyrrole, erythrocyte, and polyelectrolyte
polymer, Figure 4.12, indicated that synthesis of polymers, employing both
polyelectrolyte and erythrocyte in combination, produced lower potentials
(less than 1.0 V vs Ag/AgCl) during polymerisation.
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Figure 4.13: Cyclic voltammograms of a polymer using erythrocytes and PVS comp

to a bare gold electrode. The polymers were grown onto a electrode (surface ar

cm2) using a current density of 0.5 mAcm-2 for 30 sees and cycled in 0.15M NaCl
A typical cyclic voltammogram (Figure 4.13) indicated that the synthesised
polymer was electroactive (dotted line) with greater current produced upon
reduction and oxidation of the polymer compared to the gold background
(solid line).
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Figure 4.14: A M a y Grunweld Giemsa ( M G G ) stain showing erythrocytes in the
presence of P V S . Note the less defined outer edge of the erythrocyte and the arrows
mdicatmg the presence of a connecting substance surrounding the erythrocytes like halos
(Scale bar lOum).

Figure 4.15: A M G G stain of the erythrocytes in a monomer solution with nitrate as the
co-counterion. The cells appear as normal biconcave discs. (Scale bar lOum).
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A s mentioned in the previous section, it was surprising that w h e n P V S was
the co-counterion, a conducting polymer was formed but with nitrate as cocounterion no visible polymer formed on the electrode. May-Grunweld
geimsa staining [17] of the feed m o n o m e r solutions containing (i) nitrate as
the co-counterion and (ii) P V S as the co-counterion showed that with P V S
in the solution, a connecting substance appeared to satellite the erythrocytes
(Figure 4.14), whilst with nitrate in the m o n o m e r solution (Figure 4.15), the
erythrocytes appeared as biconcave discs, as they do in a normal blood
sample.
This observation would suggest that s o m e h o w the sodium salt of P V S salt
and the erythrocytes are attracted, creating a macro complex, despite the
charge repulsion because both molecules have overall net negative charges.
The nitrate, being a smaller more mobile anion, would be able to freely cross
through the erythrocyte m e m b r a n e via the anion transporter channel,
hence no complex was created.
4.3.2.5. Optimisation of Erythrocyte Concentration
Polymerisation of pyrrole usually requires the removal of oxygen from the
system[90] by purging the m o n o m e r solution with nitrogen once the
m o n o m e r is dissolved in the solvent. This is to prevent radical cations,
which can undergo reactions with nucleophiles present in the solution,
inhibiting polymer growth. A s mentioned in Chapter 3, erythrocytes cannot
be purged of oxygen as this m a y compromise the integrity of the cells.
The amount of erythrocytes and of oxygen in the m o n o m e r solution were
investigated as variables that could influence the integrity and distribution
of erythrocytes throughout the polymer.

To achieve reproducibility of

antigen/antibody binding, the distribution and integrity of the erythrocytes
incorporated into the polymer (hence immobilised onto the electrode),
needed to be consistent from polymer to polymer.
Oximetry indicated that no significant amount of oxygen was released from
the erythrocytes, Table 4.2, if the content of erythrocytes in the m o n o m e r
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solution w a s 4 0 % v/v.

W h e n less erythrocytes (16% v/v) were used,

however, a significant (p<0.05) amount (12%) of the oxygen contained
within them w a s released into the solution during polymerisation.

Table 4.2: Comparison of oximetry results on monomer solutions containing (i) a low
(16%) and (ii) a high (40%) concentration of erythrocytes; pre and post polymerisation.
Parameters measured (n)

40% (v/v)
RBC pre ±
SEM

40% (v/v)
RBC post ±
SEM

16% (v/v)
RBC pre ±
SEM

16% (v/v)
R B C post ±
SEM

O H b % (7)

76.1± 2.4

72.3 ± 1.4

79.8 ± 1.6

67.8 ± 3.2

MetHb % (7)

0.4 ± 0.2

0.6 ±0.1

-0.1 ± 0.2

1.4 ± 0.8

22.1 ±2.4
DeoxyHb % (7)
Legend:
n = the number of solutions tested

25.9 ± 1.2

19.8 ± 1.3

29.3 ± 2.7

A n erythrocyte concentration of 4 0 % v/v w a s tested because this is the
concentration of erythrocytes in h u m a n blood.

If the erythrocyte

concentration is increased above 4 0 % then the viscosity of the solution
would be increased exponentially[119]. Increased viscosity would lead to an
increased resistance in the electrochemical cell and m a y cause inefficient
electropolymerisation of pyrrole, resulting ultimately, in lower erythrocyte
attachment. A n erythrocyte concentration of 1 6 % was considered because if
the concentration of erythrocytes w a s lowered significantly from 4 0 % than
the erythrocytes m a y not have been as likely to block pyrrole nucleation sites
on the electrode.
The polymers synthesised using 1 6 % v/v erythrocytes resulted in deposition
of a macroscopically even polymer with only patches of intact erythrocytes
distributed throughout the matrix. Polymers synthesised using 4 0 % v/v
erythrocytes had intact erythrocytes distributed throughout the entire
matrix.
The use of 4 0 % v/v erythrocytes had a stabilising effect in that oxygen
remained b o u n d to the erythrocytes, even after they were placed into a
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deoxygenated m o n o m e r solution. Thus oxidation of m e m b r a n e lipids or
sulfhydryl groups and haemoglobin, within the erythrocytes in the bulk
solution, would not be expected to occur because minimal quantities of
'activated' oxygen radicals and peroxides should be produced.
4.3.3. Further Optimisation of Electrochemical Conditions
4.3.3.1. Effect of Erythrocytes (40% v/v) on Polymerisation Potential
The presence of the oxygen loaded erythrocytes in the m o n o m e r solution
did not change the oxidation potential required to polymerise the pyrrole.
As the oxygen remained sequestered tightly to the erythrocytes, oxidation of
the pyrrole w a s not hindered either.
This was demonstrated by comparing typical chronopotentiograms recorded
during the synthesis of p p / P V S and p p / P V S in the presence of erythrocytes
(Figure 4.16 & 4.17).

The two chronopotentiograms not only had

remarkedly similar growth potentials but were similar in shape. The initial
(spike) potential for the two chronopotentiograms was 9 5 0 m V (pp/PVS/sue)
and 910 m V (pp/PVS/suc/RBC), whilst the final potential reached before
completing

growth

was

765

mV

(pp/PVS/suc)

and

730

mV

(pp/PVS/suc/RBC). The initial spike showed a typical change in potential
associated with the charging of the electrical double layer. This was followed
by a decrease in potential as the polypyrrole film completed nucleation until
finally the potential flattened, indicating the approach of the potential to its
steady state value as the film began coalescing to cover the entire electrode
surface. The chronopotentiogram obtained confirmed that a conductive
polymer layer w a s deposited both in the presence of P V S alone or w h e n P V S
and erythrocytes were present.
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Figure 4.16. Chronopotentiogram of pp/PVS polymer grown galvanostatically using a
current density of 0.75 m A c m " 2 for a time of 0.5 mins, onto a 20 cm2 gold electrode.
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Figure 4.17.

Chronopotentiogram of pp/RBC/PVS polymer, grown galvanostatically

using a current density of 0.75 m A c m - 2 for a time of 0.5 mins, onto a 20 cm2 gold
electrode.
T h e use of 4 0 % v / v erythrocytes w o u l d have increased the viscosity of the
polymerisation

solution.

There

was

no

evidence

from

the

chronopotentiograms that this increase in viscosity required a n increase in
oxidising potential in order to overcome a larger iR effect experienced in the
electrochemical cell. N o r did this quantity of erythrocytes, approximately
4 x l 0 1 2 / L of 8 urn discs, block the gold electrode surface, m a k i n g it n o n conductive, such that polypyrrole deposition did not occur. H o w e v e r , as
s h o w n in Section 4.5.1., the presence of erythrocytes ( 4 0 % v / v ) in the
polymerisation solution did result in less polypyrrole being deposited onto
the gold electrode, than w h e n n o erythrocytes w e r e present. T h e effect of
this loss of polypyrrole o n the electrode will be evident in the strength of the
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direct signal generated by the biosensor as it is detecting antigen/antibody
binding events.
4.3.3.2. Effect of Oxidative Polymerisation Conditions on the Erythrocytes
Oximetry w a s also employed to determine whether the oxidative conditions
used for deposition of polypyrrole could result in destruction of the
erythrocytes or the blood group antigens. Comparison of pre and post
polymerisation solutions showed n o difference in p H ( p H 6.44 ± 0.1), Table
4.3. A n y localised p H changes associated with the production of protons
during polypyrrole synthesis were most probably regulated by the
intracellular buffer systems located within the erythrocyte, Chapter 3.
There w a s n o significant alteration (p<0.05) in the percentage of
haemoglobin derivatives in the deoxygenated m o n o m e r feed solution and
the post-use polymerisation solutions, Table 4.3. N o Heinz bodies were
observed in the pre or post polymerisation solutions tested, from a sample
size of 6.
Table 4.3: Oximetry values of erythrocyte containing solutions throughout the
polymerisation process. Polymers were synthesised from a suspension of 4 0 % v/v
erythrocytes.
Parameters measured (n) Pre-•use Feed solution ±
SEM

Post use feed solution

61.0 ±2.3

DeoxyHb % (5)

64.5 ± 2.9
33.7 ±3.1

MetHb % (5)

-0.3 ± 0.2

0.7 ± 0.4

C O H b % (5)

2.0 ± 0.6

2.7 ± 0.8

6.44 ± 0.09

6.45 ± 0.08

nil seen

nil seen

O H b % (5)

pH(5)
Heinz bodies (6)

36.4 ±2.1

Legend:
n = number solutions tested

If erythrocytes were compromised during oxidative stress, I would have
expected to have observed a decrease in oxyhaemoglobin, as a quantity of
oxygen is released into the environment as well as a corresponding increase
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in deoxyhaemoglobin and carboxyhaemoglobin levels and an increase in
methaemoglobin, as some iron w a s being oxidised into the ferric form. If
the intrinsic protection mechanism of the erythrocytes against oxidation had
failed, enzyme (glucose-6-phosphate dehydrogenase, glutathione reductase,
glutathione peroxidase or reduced glutathione) levels would have fallen,
methaemoglobin levels would have increased dramatically and the globin
chains would have been oxidised. Erythrocytes with excess globin chains or
denatured haemoglobin would then produce Heinz bodies[117].
Although these results did not guarantee that the erythrocytes in the
polypyrrole matrix on the electrode were not compromised, they indicated
that the 'holes' did not originate within the bulk solution during synthesis.
4.3.3.3. Electrical Effects on Erythrocyte Integrity
The effect that the potential, produced over the time course of
polymerisation, had on the transmembrane potential of the erythrocyte
needed to be assessed in relation to the 'holes' observed (Section 4.3.1.2.).
W o u l d a low potential of long duration effectively result in the erythrocyte
experiencing the same transmembrane potential as w h e n relatively large
potentials are applied for a short duration?
With a total charge of l O m C passed during synthesis, the majority of
erythrocytes remained intact and unaltered in shape with haemoglobin still
present (strong pink colouration after staining), regardless of h o w the
polymers were treated or stored post synthesis (pieces A, B & C).

The

erythocytes in the polymers fixed immediately post growth (piece A ) and the
polymers stored for 2 hrs (piece B), after a total charge of 1 5 m C was passed,
were basically identical to those grown with l O m C charge. After 18hrs (piece
C), despite a good coverage of erythrocytes initially, more pale ghostlike
erythrocytes were n o w present.

That is, H & E staining showed the

erythrocytes to be pale pink, indicating a reduction in the amount of
haemoglobin present.
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The polymers synthesised using a charge of 22.5 m C contained variations in
the quantity and distribution of erythrocytes, from good to poor, within the
polymer matrix. At 2 hrs (piece B) and 18hrs (piece C ) mild to moderate
numbers of 'holes' appeared. Of the polymers synthesised with a total
charge of 30 m C passed, only the polymers grown at 3.0 m A c m - 2 for 10 sees
contained intact, biconcave erythrocytes. All the other polymers had greater
than 8 0 % holes at both 2hrs and 18hrs post growth whilst polymers grown at
5.0 m A c m - 2 for 60 sec contained moderate numbers of 'holes' immediately
post growth.
The results indicated that polymers subjected to greater than 10 sees
polymerisation time contained 'holes' or pale erythrocytes either
immediately post synthesis or after storage for any length of time. Polymers
synthesised using a current density greater than 3.0 m A c m - 2 contained
irregular shaped erythrocytes and 'holes' appeared upon storage.
Galvanostatic

synthesis of erythrocyte containing polymers

was

subsequently undertaken using a current density of 1.5 m A c m - 2 for io sees,
because it was considered that this produced the polymer which contained
the greatest number of intact erythrocytes uniformly distributed throughout
the conductive polymer matrix. Polymers grown with a charge of l O m C
would be thinner, hence contain less polypyrrole, than polymers grown
with a charge of 1 5 m C so the synthesis conditions selected were a
compromise between m a x i m u m electroactivity of the polypyrrole and the
best possible erythrocyte integrity and distribution within the matrix.
4.3.3.4. Morphological Appearance of Erythrocytes in the Polymer Matrix
The majority of erythrocytes incorporated were intact discs with no
fragmentation and

with strong red staining indicating a normal

haemoglobin content. A minority of cells were pale with what appeared to
be either 3-5 echinocytic projections and/or inclusion bodies present (Figure
4.18. arrow). Echinocytes[119, 120] is a description derived because the
erythrocytes are no longer smooth but have regularly spaced spicules or
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projections, which can be likened to echidna or sea urchin spikes.
Echinocytes often result from an alteration of the intra- and extra- cellular
environment[119].

Echinocytes m a y actually lead to enhancement of

antigen/antibody reactions because it increases the availability of the
antigens.

Figure 4.18 : A H&E stain of echinocytes in a pp/PVS/erythrocyte polymer synt
using a current density of 1.5 mAcm-2 for 10 sees. The arrows indicate the projections
and/or inclusion bodies. (Scale bar 10|im)

A comparison of images, immediately post synthesis, of the erythrocyte
containing polymers synthesised at 1.5mAcm- 2 for 10 sees, Figure 4.19, to
those synthesised at 0.75 m A c m - 2 for 30 sees, Figure 4.20, s h o w e d no
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significant visual difference in the state of the erythrocytes or the quantity of
erythrocytes incorporated.

Figure 4.19: Image of ppy/RBC/PVS polymer grown using a current density of
1.5mAcm" 2 for 10 sees. Scale bar 10|irn

Figure 4.20: Image of ppy/RBC/PVS polymer grown using a current density of
0.75mAcnr 2 for 30 sees. Scale bar lOjum.
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Figure 4.21: Erythrocytes m a y orientate in different ways onto the electrode surface
without disruption of the membrane or loss of haemoglobin. For example, sideways, flat
or bent. Scale bar is 10/<m.
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In Figure 4.19 there appears to be a more even distribution of erythrocytes
over the polymer surface with less aggregation of cells than in Figure 4.20.
This did not occur with every polymer synthesised using these synthesis
conditions. The distribution of erythrocytes depended largely on what
section of the polymer w a s viewed. For example more aggregation occurred
at the meniscus of the electrode and fewer erythrocytes were incorporated
near the base of the electrode. Generally the middle portion of the electrode
contained more evenly spaced individual erythrocytes.
The erythrocytes m a y orientate in m a n y ways onto the electrode surface,
sideways, flat, bent in half, without disruption of the membrane, Figure 4.21.
At rest the h u m a n erythrocyte is shaped like a flattened, bilaterally indented
sphere, a shape referred to as a biconcave disc. The shape of the disc allows
the erythrocyte m e m b r a n e to maintain its integrity whilst being able to
withstand high shear stress, rapid elongation and folding.
The main differences observed in the erythrocytes within the polymers
arises u p o n storage of the polymers for any time. This will be examined in
Chapter 5.
4.4. Discussion
H u m a n erythrocytes, that have an overall negative charge, could not be
incorporated into a conductive polypyrrole matrix as the sole source of
anion, with a one step polymerisation process of a m o n o m e r feed solution
containing pyrrole and erythrocytes dissolved in water m a d e isoosmotic
with sucrose, because deposition potentials were extremely high (exceeding
2V).

It w a s thought that the conductivity of the feed solution w a s not

sufficient for the successful polymerisation of pyrrole as "electroreaction can
occur only in a liquid phase that conducts an electric current''[96].
To improve the conductivity of the solution, more than one counterion w a s
added to the feed solution. The addition of a smaller mobile anion, nitrate,
as a co-counterion with erythrocytes gave no improvement with deposition
potentials still greater than 2.0V. The addition of a macromolecule as the
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second anion succeeded in lowering the deposition potential to acceptable
levels (between 800-1000 m V ) and the quality of the polymer, in terms of
polymer and erythrocyte distribution over the electrode surface, improved
also.
A possible explanation for this phenomenon would be that with nitrate as
the co-counterion, the erythrocytes are present in such large numbers (4 x
10i2/L of 8 |Hm discs) that they coat the electrode, effectively forming a nonconductive layer over the electrode, preventing polypyrrole deposition.
Alternatively, a large amount of nitrate ions m a y cross into the erythrocyte,
effectively lowering the overall conductivity of the solution.
If the addition of P V S created a complex or connected someway with the
erythrocyte, visible in May-Grunewald Geimsa staining, it would appear to
have prevented polypyrrole deposition over or inside the erythrocyte. It
could also have prevented mass deposition of the erythrocytes onto the
electrode, hence allowing for more polypyrrole deposition. S o m e blockage
of the electrode w a s still likely to be occurring, as evidenced by the smaller
currents (reduced by one quarter) generated during polymerisation of
polypyrrole in the presence of the erythrocytes, as opposed to w h e n no
erythrocytes were present. The macro-complex (PVS-RBC), with excess
negative charges present, would be incorporated into the polymer matrix to
counterbalance the positive charge of the polypyrrole backbone.
With the final application of this biosensor in mind, the presence of a
macromolecule w a s actually preferred to a smaller mobile anion in the
polymer matrix for three reasons: (i) the more mobile the anion the more
rapidly that anion would be incorporated into the polypyrrole as a
counterion, leaving less attachment sites for the m u c h less mobile
erythrocytes resulting in fewer erythrocytes becoming incorporated [90], (ii)
incorporation of a macromolecule polyanion would be likely to create a
more porous polymer matrix through which antibodies could traverse free
of entanglement and (iii) without the macromolecule the polymer would be
more hydrophobic and living systems, such as erythrocytes, like hydrophilic
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environments[146] despite having membranes m a d e up of hydrophobic
molecules.
The molecular functionality of the polymer will be derived from the
erythrocyte. The use of polyvinyl sulphonate confers hydrophilicity upon
the polymers indicated by a high water content and a low water contact
angle, indicating low surface energy. The hydrophilicity appears to depend
upon a combination of the intrinsic hydrophilicity of the polymer backbone,
of the counterion and the charge density of sulphonic acid groups on the
counterion[112]. A diagrammatical representation is shown below.
Polypyrrole

Polypyrrole

CI

Cl"

CT

Polypyrrole

Polypyrrole
(A) Hydrophilicity
plus wider polypyrrole
chain separation with
PVS

(B) Hydrophobic plus
polypyrrole chain
separation small.

As mentioned above, the exact interaction between the erythrocytes, PVS
and polypyrrole is not understood.

The extent and strength of the

interaction of P V S with erythrocytes and the resultant erythrocyte structural
changes are controlled by the molecular weight, charge density, and the
overall configuration of the soluble polymers, or the size, surface charge,
and hydrophobicity/hydrophilicity of the particulates[133]. The nature of
the ionic groups m a y also be involved in the interaction mechanisms.
Suggestions as to what interactions could be occurring between these
ingredients and as such would contribute to the final biosensor surface
morphology are discussed below.
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Anionic polymers, like PVS, can adsorb onto negatively charged membranes
by hydrogen bonding and hydrophobic attraction. Hydrophobic substances
have an affinity for other hydrophobic substances[146] w h e n dissolved in
aqueous solutions, to minimise the contact surface area of the hydrophobic
groups.

The hydrophobic backbone of P V S m a y be attracted to the

hydrophobic lipid regions in the m e m b r a n e of the erythrocyte or m a y
eliminate some pyrrole-pyrrole interactions. Elimination of pyrrole-pyrrole
interactions will contribute to greater spatial separation of polymer chains
within the polypyrrole polymer and the propensity for antibody
entanglement will be reduced.
The red cell m e m b r a n e phospholipids and glycolipids are amphipathic.
That is, each lipid molecule has a non-polar hydrophobic end and a polar
hydrophilic end. The hydrophobic tails are positioned internally vis-a-vis,
and the hydrophilic heads face oppositely to form the internal and external
facades of the bilayer[25]. The lipid bilayer of the erythrocyte has no ends
with exposed hydrophobic chains, but inserted between these phospholipids
and glycolipids is a neutral hydrophobic lipid, cholesterol [13] to which the
P V S m a y adsorb if it can insert itself into the bilayer.
W h e n either P V S or heparin w a s employed as the co-counterion a
conducting polypyrrole polymer containing erythrocytes formed.

This

indicated that the vinyl group of P V S was not influential in the formation
of the conducting polymer. The m o n o m e r solution is a salt-free system of
low ionic strength so that perhaps ionic associations m a y be important for
successful polymerisation. The ionic strength is low so the sodium of the
P V S salt will not dissociate but will remain in the vicinity of the macroions,
effectively reducing the charge density of PVS. The P V S itself m a y not be
competing with the erythrocyte for attachment to the polypyrrole, only
provide sufficient conductivity for polymer growth to occur and m a y b e
prevent mass deposition of erythrocytes onto the electrode surface
somehow.
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If the sodium does dissociate from the P V S salt, P V S will attach via the
negatively charged sulphonic acid groups to the positively charged
polypyrrole backbone. P V S is a linear molecule with a high charge density,
unlike the branched polypyrrole, so not every sulphonic acid group will be
likely to match to a positive charge on the backbone. This will be especially
true for those polymers grown quickly at higher current densities because
linear P V S molecules will not have time to realign, effectively reducing the
available contact area. This means that for topological reasons, every
sulphonic acid group of P V S will not be attached to the polypyrrole
backbone.
The excess negative charges would be paired with the positive charged
cations from the solution, originally paired with the sulphonate groups in
the polyelectrolyte[112]. These pairings would probably retain their water of
hydration which would contribute to the high water content of the polymer.
Solutes will follow the water so perhaps some sucrose w a s also incorporated
into the polymer matrix. The hydrophilicity helps provide a more suitable
environment for sustaining erythrocytes in the matrix.
O n the other hand, the negatively charged sulphonic acid groups of P V S
m a y interact with the negatively charged erythrocyte through a divalent
cation bridge, for example utilising calcium, Schematic 4.1. This could
explain the PVS-erythrocyte complex/connection observed.

Calcium is

p u m p e d from the erythrocyte in order to maintain osmotic stability.

Schematic 4.1: Possible cation bridge between erythrocyte and PVS.
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Once incorporated into the polypyrrole matrix, the erythrocytes did not
remain intact, unless they were fixed using fixatives such as zamboni or
glutaraldehyde. For reasons that will be examined in Chapter 5, fixation of
the erythrocytes is not ideal for Rh(D) blood grouping. Possible explanations
for the alterations to the state of the erythrocytes, such as the appearance of
paler cells and holes, needed to be addressed.
Electrochemical polymerisation involved placing the erythrocytes in an
electric field. It is k n o w n that high electric fields, applied in direct current
pulses, to solutions of erythrocytes, is lethal if the erythrocyte m e m b r a n e
potential exceeds 1V[147, 148]. This IV is k n o w n as the breakdown voltage.
The exact exposure of the attached erythrocytes to potential, and factors
other than electrical effects during synthesis, w a s not easy to determine.
Histology of the polymers synthesised using higher current densities and
shorter times, indicated that the majority of erythrocytes incorporated were
intact discs initially, with no fragmentation. This suggests that potentials
did not exceed this lethal erythrocyte membrane threshold.
The breakdown voltage will depend on various system parameters, such as
exposure time[148]. 'Holes' were detected initially in polymers subjected to
longer polymerisation times indicating that the erythrocytes on the
electrode had their membranes compromised by some factor inducing pore
formation. Polymers synthesised for shorter times did not have 'holes'
initially but u p o n storage 'holes' developed, this is discussed further below
and continued in Chapter 5.
Although potentials were s h o w n not to destroy the entire erythrocyte
m e m b r a n e of the majority of the cells, the potentials reached during
polymerisation m a y have been responsible for punching holes into the
erythrocyte membrane. This is k n o w n as electroporation of the membrane.
A minority of erythrocytes were pale initially but the n u m b e r of pale
erythrocytes increased steadily upon storage. The loss of colour w a s most
likely due to loss of haemoglobin from these cells that could have been lost
through pores created as a result of electroporation.
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The use of current densities greater than 3.0 m A c m - 2 also created irregular
changes in the shape of erythrocytes, again suggesting a compromise of the
membrane. Current passing through erythrocytes m a y elicit adverse side
effects due to heating so the viability of the cell is minimised[148]. Passage of
current raises the temperature of the system by the joule-heating effect. The
rapid temperature j u m p of the m e d i u m creates a temperature gradient
across the m e m b r a n e , which in turn results in an osmotic pressure
difference between the inside and outside of the cell due to a colligative
effect, inducing a flow of water out of the cell[149]. W h e n erythrocytes lose
intracellular water below the critical threshold they will be damaged w h e n
returned to isotonic conditions, especially w h e n they are rehydrated in
nonelectrolyte solutions, such as sucrose. This is k n o w n as posthypertonic
haemolysis[150] and as the polymers were often stored after synthesis in
sucrose, this process m a y have been involved in the progressive appearance
of pale cells.
The red cell m e m b r a n e m a y also have been compromised as a result of
oxidative processes within the erythrocyte. Electrochemical polymerisation
of pyrrole and its derivatives involves the oxidation of the m o n o m e r to
give the radical cation, Section 4.1.1. This radical cation can then react to
give a dimer which is more readily oxidised than the original monomer.
Further oxidation and coupling reactions lead to oligomers and eventually
to the deposition of a cationic polypyrrole polymer at the electrode [38] It is
the electrolytically generated reactive species such as pyrrole radicals and
oligomers, especially within electrochemical cells of one compartment
design (as the one used for synthesis was), that m a y have crossed the
erythrocyte m e m b r a n e compromising its oxidative processes.
The polymerisation process of pyrrole also results in the generation of
protons with a concomittant decrease in p H , particularly within the
boundary layer of the film at the electrode surface[141]. If this decrease in p H
is large it m a y result in compromise of the erythrocyte membrane.

No
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significant p H decrease w a s observed in the bulk solution but this does not
exclude a decrease at the electrode interface.
Furthermore, the incorporation of lipid soluble chemicals[151], such as
pyrrole, into the m e m b r a n e m a y change it's chemical composition enough
to lead to premature erythrocyte destruction, by loss of osmotic resistance or
through increased permeability of the lipid membrane. Pyrrole was used in
a low concentration (0.1M) and no sign of erythrocyte compromise by
addition of pyrrole by itself was detected. Only in combination with applied
potential in an electrochemical cell and its environs did the erythrocytes
attached to the electrode become compromised to some extent.
If the paler cells contained echinocytic projections, there m a y have been
protein modifications involving oxidation of cytoskeletal proteins and
sulfhydryl groups which eventually m a y result in altered m e m b r a n e
permeability.

A n y d a m a g e or oxidation of sulphydryl groups in the

cytoskeleton will alter and possibly destroy the erythrocyte membrane. For
example, potassium permeability can be increased leading to osmotic
swelling and haemolysis[151].
If the paler cells contained inclusions this would be consistent with
haemoglobin oxidation producing methaemoglobin and hemichromes,
which take the shape of precipitates that adhere to erythrocyte membranes,
thereby inducing leak formation. However, the oximetry results indicated
that very little methaemoglobin w a s detected and no Heinz bodies
inclusions were observed in the bulk solution. This m a y point to the
damage being localised to the electrode surface, although supravital staining
on polymers containing erythrocytes did not provide any evidence of Heinz
bodies forming.
Potentially, any or all of these processes mentioned above could have
resulted in a compromise of the erythrocyte membrane integrity leading to
the formation of paler cells and even 'holes'. However, the paler cells and
even the 'holes' m a y still contain functional antigens because sections of
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intact m e m b r a n e m a y be present. Immediately post synthesis, the paler
erythrocytes were in the minority but upon storage the quantity of pale
erythrocytes increases significantly. Ultimately, storage of the polymers will
be very important for the future and success of incorporating whole cells,
like erythrocytes, into a polymer matrix. If the aim is to devise a biosensor
whose sole purpose is to determine blood group reactions the incorporation
of intact m e m b r a n e containing functional antigens m a y be all that is
required and storage of the polymer matrix, as outlined in Chapter 5, will
not be as important.
4.5. Conclusion
This chapter showed the successful incorporation of intact erythrocytes into
polypyrrole, polyelectrolyte matrices. The main requirement of synthesis
was to polymerise a polymer so as to ultimately achieve reproducibility of
antigen/antibody binding. For this to occur, the distribution and integrity of
the erythrocytes incorporated into the polymer, hence immobilised onto the
electrode, needed to be consistent from polymer to polymer. Quantitation of
the erythrocytes incorporated into the polymer matrix and electrochemical
characterisation of the matrix are discussed in Chapter 6.
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CHAPTER 5
PRESERVATION AND STORAGE OF THE BIOSENSOR
MATRIX
5.1. Introduction
A fundamental principal of this research was to incorporate intact cells into
polypyrrole matrices.

Important parameters for investigating the

incorporation of erythrocytes into conducting polymers included the study
of the erythrocyte shape and loss of haemoglobin as well as the preservation
and storage of the synthesised biosensor matrix. Ultimately the stability and
storage requirements will determine the effectiveness of this matrix as a
biosensor.
Polypyrrole polymers are normally rinsed in distilled water then stored dry.
The incorporation of erythrocytes, as the biorecognition element, into
polymers m a d e this an unviable option.

For erythrocytes and their

associated antigens to remain intact and relatively unaltered in shape, size
and volume, they are best stored in a fluid m e d i u m that is iso-osmotic,
whether ionic or non-ionic, and provides the erythrocyte with phosphate as
a buffer and dextrose as a substrate[152].
Intervention and prevention of biological damage of the erythrocyte within
the polymer matrix w a s required so this chapter discusses the various
methods and approaches taken in an attempt to achieve this aim. Although
some of the preventative measures discussed here are implemented during
other phases of the biosensor fabrication beside storage of the erythrocyte
containing polymers, it has been incorporated into this chapter because the
preventative measures undertaken were designed with a view to stabilising
the polymer for long term storage. A s an alternative to storing erythrocytes
close to their natural state in a liquid environment, fixation of the
erythrocytes in the polymer matrix w a s also investigated with limited
success.
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5.1.1. Preservation of erythrocytes during storage
There has been m u c h research over the years on measuring erythrocyte
survival in storage. Stored erythrocytes slowly undergo changes which lead
to a loss of integrity.
The loss of red cell viability has been correlated to various biochemical
changes which include p H decrease, lactic acid increase, decrease in glucose
consumption, decrease in A T P levels, loss of red cell function expressed as a
shift to the left in Hb-oxygen dissociation curve or increase in Hb-oxygen
affinity[129] and structural changes like loss of m e m b r a n e elasticity and
function[152].
The red cell m e m b r a n e and its cytoskeleton forms an active metabolic
system independent to the various biochemical changes of metabolic
intermediates.

Vital to the shape and function of the m e m b r a n e and

supporting lipid bilayer is an internal cytoskeleton of peripheral membrane
proteins as described in the introduction (Chapter 1). Loss of m e m b r a n e
function during storage includes lipid loss (upto 3 0 % ) , progressive
spheroechinocytosis, macroaggregate formation, spectrin-free vesicle
formation, loss of filterability and deformation[152]. The possible defects
contributing to the m e m b r a n e disfunctionality during storage include
progressive loss of adenosine triphosphate (ATP), increased calcium
permeability, abnormal spectrin extractibility, abnormal spectrin-protein 4.1actin interaction and progressive spectrin oxidation[13, 119, 152]
If integrity can be maintained the storage time of erythrocytes can be
increased. A T P is correlated to survival time so use of a preservative with
phosphate and adenine or inosine[119] can maintain A T P levels for upto 50
days[153]. Upto 9 0 % of the erythrocyte's A T P is generated in glycolysis
whilst 1 0 % is generated via the pentose phosphate pathway[129]. Phosphate
in the additive solution performs three essential functions: is a substrate
required for synthesis of A T P and 2,3-DPG; as an activator of P F K and is an
effective buffer in the physiological range.
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A s mentioned in Chapter 3, temperature and p H also play important roles
in maintaining erythrocyte integrity. The vulnerability of the erythrocyte to
oxidation under storage is still unknown. Glutathione levels do not fall and
Heinz body formation has not been demonstrated but products of lipid
peroxidation have previously been detected [153].
Erythrocytes used for transfusion into h u m a n s are stored in C P D A - 1 (citrate
phosphate dextrose with adenine and increased glucose) with A D S O L
additive (a saline solution containing adenine, dextrose and mannitol). The
mannitol appears to reduce haemolysis as it acts as an osmotic stabiliser and
the increased quantity of glucose reduces the lytic lesion of storage by
supplying adequate substrate for glycolysis[130]. This permits a 35-day
storage of erythrocytes as concentrates[119]. This solution then w a s initially
used as the liquid m e d i u m in which polymers containing erythrocytes were
stored, but as stated numerous times already, this did not prevent the
progressive appearance of 'holes' so had to be modified or changed.
Antigen viablility is separate to erythrocyte viability. W h e n erythrocytes are
stored at 4°C, as whole blood in C P D A or with a saline-adenine-glucose
additive for upto 35 days there is very little loss of activity of erythrocyte
A B O and Rh(D) antigens (there is loss of M and Pi antigenicity) [154, 155].
Reagent erythrocytes used for blood group determinations are normally
stored as washed erythrocytes in a preservative solution. A modified
Alsever's solution, with added inosine and with antibiotics is c o m m o n l y
used[15], and the antigenic activity is satisfactory for 35 days at 4°C.
Antigenic activity can also be detected on dried erythrocyte membranes used
in solid-phase systems for blood grouping and antibody detection[156].
Further w o r k investigating polymer storage in solutions designed for
antigenic viability, rather than erythrocyte viability, or on dried erythrocyte
polymer matrices, m a y assist to elicit more stable responses with the blood
grouping biosensor.
Erythrocytes were used because they provided an easy visible means by
which one could assess their distribution and integrity once incorporated
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into the polymer (erythrocytes could be stained and viewed by light
microscopy). Prior to this project there was no easy means available with
which to assess the quantity or antigenicity of substances or membranes
incorporated into a polymer matrix. If the quantity and distribution of
erythrocytes immobilised onto the electrode was consistent from polymer to
polymer, one could assume it more likely that consistent antigen/antibody
signals would result.
5.1.2. Protocols Investigated for Increased Erythrocyte Survival
M a n y attempts were m a d e over the course of this research to improve the
stability of the erythrocytes contained within the polymer matrix.

As

discussed in the previous chapter the cause of the 'pale' cells and 'holes' is
u n k n o w n and w a s extremely difficult to predict because it m a y be an
alteration due to one factor or a series of alterations due to m a n y factors. N o
particular course of action could be taken that would take into account all
the possibilities. The battery of haematological tests, Chapters 3 & 4, did not
identify the problem because those tests could only be done with solutions
and those results did not provide us with a reason for what was shown to be
a loss of erythrocyte integrity occurring at the electrode interface where the
polymer w a s depositing. Consequently, strategies that might prevent or
delay the appearance of 'holes' were investigated.
H u m a n cells, for example nerve and epithelium, are cultured using
Dulbecco's modified Eagle m e d i u m

( D M E M ) with glucose, sodium

pyruvate, glutamine to provide the necessary nutrients for cell survival, so
m a y b e erythrocytes incorporated into polymers can be sustained in an
identical way. A s an alternative D M E M with foetal calf serum w a s also
tested.
In case oxidative d a m a g e ocurred at some point in the polymerisation
process and caused leak formation or erythrocyte lysis, antioxidants, both
synthetic and biological, and radical scavengers were added to: (i) the
erythrocytes prior to those cells being added into the m o n o m e r solution; (ii)
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the m o n o m e r solution to act as sacrifical oxidants in preference to the
erythrocytes and (iii) the storage m e d i u m post polymerisation. If oxidative
damage occurred to cytoskeletal proteins and sulfhydryl groups which
would result in altered membrane shape, albumin, a substance that plays a
role in maintaining normal erythrocyte shape, was added to the storage
medium.
A s another preventative measure sacrifical oxidants were added into the
m o n o m e r solution. For example glutathione, an enzyme native to the
erythrocyte, and hydroquinone were investigated. To minimise as m a n y
oxidative processes as possible tiron[157] was used to lower the oxidising
potential of pyrrole polymerisation. The erythrocytes were preincubated
with a calcium blocker (cobalt) to inhibit calcium influx. Changes in ion
fluxes, especially calcium, cause oxidative injury of erythrocytes[158].
In case of a concomittant decrease in p H at the boundary layer of the
polypyrrole film at the electrode surface, buffers (TRIS and imizadole) were
(i) used to replace sucrose in the polymerisation solution and (ii) used to
store synthesised polymers.
In case of electroporation or to protect the erythrocyte against colloidosmotic haemolysis, which would result from leak formation, a large sugar,
raffinose w a s used to store synthesised polymers.

Raffinose is a

nonelectrolyte that is a k n o w n protectant against colloid-osmotic
haemolysis because it counterbalances the osmotic pressure of the
intracellular

macromolecules,

for

example

haemoglobin[159].

Electroporation 'holes' maybe reversible (depending on the ionic strength,
the potential and the pulse duration) [148] so 'reseating' of erythrocytes can
be achieved w h e n they are stored at higher temperatures, 37°C for 45
mins[160], in a m e d i u m designed to assist A T P generation.
The anions, P V S and erythrocytes, are incorporated during synthesis of
polypyrrole to balance the positive charge on the polymer backbone
(Equation 4.1, Chapter 4).

A s discussed in Chapter 4, P V S is a linear
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molecule with a high charge density, unlike the branched polypyrrole, so for
topological reasons, not every sulphonic acid group will be likely to match
to a positive charge on the polypyrrole backbone. The negative surface
charge of the erythrocyte is largely the result of its high content of sialic acid
residues found predominantly on the glycophorins[4]. Not all sialic acid
residues are likely to match to a positive charge on the backbone of the
polypyrrole either, hence the polypyrrole matrix, that has P V S and
erythrocytes incorporated, would be likely to have excess negative charges,
which could result in an instability of the erythrocyte. Gafquat, a polycation,
was used to neutralise any excess negative charges that m a y exist. This
c o m p o u n d has successfully been used previously to confer stability on
enzymes within polymer matrices[161]. Lactitol, a neutral sugar alcohol
derived from lactose, w a s employed because it has also been reported to
confer stability on enzymes by reducing the water activity on the protein
molecule and promoting greater hydrophobic interaction within the
polypeptide chain [161].
5.1.3. Fixation of erythrocytes
A s an alternative to storing polymers containing erythrocytes in a m e d i u m
where the aim is to preserve the erythrocyte as close as possible to the cell's
natural state the erythrocytes can be fixed into the polypyrrole matrix.
Fixation of polymers containing erythrocytes would be an advantage because
it w o u l d enable the polymers containing erythrocytes to be stored
indefinitely in a dry state. Fixation would maintain the erythrocyte in
exactly the same state as w h e n it was first fixed indefinitely.
In general, most fixatives are derived empirically by trial and error as an
effective compromise between preservation of good morphology and
optimium preservation in situ of the substance being studied, which for this
work is the antigen functionality. G o o d morphology is usually achieved by
use of alcohol and aldehyde fixatives whilst o p t i m u m preservation of
antigen functionality w o u l d involve using fixatives near neutral or
physiological p H .
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Zamboni[142], and glutaraldehyde fixation were trialled. Zamboni contains
glutaraldehyde, picric acid and formaldehyde buffered to a p H 7.2-7.4.
Formaldehyde and glutaraldehyde crosslink between protein groups[162]
whilst picric acid causes the formation of salt linkages in proteins, by
inducing polarity in the amino-acid side chains[163]. Glutaraldehyde is a
fixative that causes m e m b r a n e modifications which can inactivate some
enzymes (like acetylcholinesterases) [164] but has essentially no effect on the
orientation and mobility in the fluid bilayer regions[165] and has only mild
physical effects on erythrocyte membrane proteins[166].
5.2. Experimental
All the reagent/solution compositions and suppliers are listed in Appendix
A.
5.2.1. Washed erythrocyte storage
A s a preliminary experiment to determine a solution for storage of
polymers containing erythrocytes, washed erythrocytes, not incorporated
into polymers, were incubated in the following storage solutions: raffinose
(0.27M), H u m a n Albumin (5%) (Albumex 5), raffinose (0.27M) plus
Albumex 5 (1:1), A R C 8[128], A D S O L , sucrose (0.27M), sucrose (0.27M) plus
Adsol (3:1), NaCl (0.15M), TRIS (iso-osmotic p H 7.5) (0.1M), Trolox (0.1M) in
phosphate buffer (iso-osmotic) and phosphate buffer (iso-osmotic) and the
percentage of lysed erythrocytes calculated. The preferred storage solution
would ideally result in no lysis of erythrocytes.
Washed erythrocytes were labelled with chromium 51, as per Chapter 2. A n
aliquot (2mls) of labelled erythrocytes was then added to an aliquot (6mls) of
each solution listed above, mixed then samples (2mls) were taken at 0 mins,
2, 5 and 24 hrs post incubation, at 4°C. C h r o m i u m counts were obtained
after the samples were counted. The percentage of lysis was calculated by
comparison to a solution where all the erythrocytes (2mls) were lysed using
water (6mls).
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5.2.2. Storage of Polymers containing erythrocytes
The morphology of erythrocytes in a section of polymer, removed and fixed
immediately post synthesis, w a s compared to the morphology of
erythrocytes in another section of the same polymer that had been stored in
a variety of solutions. The sections of polymer were taken from m a n y
different polymers synthesised over the course of this thesis; that is not all
the storage solutions (listed below as well as in Appendix One, which
defines the composition of individual solutions) were tested on the same
day on the same polymers. Storage solutions included: Inosine (lOmM);
Adenine (0.3mM); Calcium Nitrate (5mM); D M E M with glucose (4.5 g/L),
sodium pyruvate and glutamine; D M E M with foetal calf serum; A R C 8 ; TRIS
buffer p H 8.6 m a d e isotonic with NaCl; Gafquat 755N (1%) in A D S O L ;
lactitol (5%) in A D S O L and raffinose (0.27M).
Integrity of the erythrocytes was assessed by microscopic analysis after the
polymers were fixed, in Zamboni, then H & E stained.

Microscopic

assessment of the polymers involved assessing any shape or size changes of
the erythrocytes and an approximation of the amount of haemoglobin
present in the cells (pink colouration) and an estimate of the quantity of
'holes' at time 0 mins post growth, 2 hrs post growth and 22hrs post growth.
Sections of polymer stored in ADSOL/sucrose (0.27M) (1:3), at 4°C were used
as the reference point to which all the morphology results were compared.
That is erythrocyte morphology indicated more or less 'holes' and 'pale'
cells than the erythrocyte morphology of comparable sections stored in
ADSOL/sucrose for that time frame.
There w a s a huge variety of changes induced in erythrocyte morphology
after erythrocytes had been subjected to preservation treatments and storage
conditions. It is impossible due to space restrictions to show the effect each
treatment had on erythrocyte morpohology, but to illustrate some of the
variations encountered using different storage media, a group of polymers,
synthesised at 1.5 m A c m " 2 for 10 sees, are discussed. The selection contains
(i) a polymer piece fixed in glutaraldehyde (0.15%)/phosphate buffer
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immediately post synthesis; (ii) a polymer piece that w a s stored in sucrose
(0.27M) for 5 hrs; (iii) a polymer piece stored in raffinose (0.27M) for 5hrs and
(iv) a polymer piece stored in raffinose (0.27M) for 22 hrs.
5.2.3. Stabilisers and antioxidants
The experiments where stabilisers and antioxidants were either incubated
with the erythrocytes before they were incorporated into the polymerisation
solution; incorporated into the polymerisation solution with the other
ingredients or added to the storage solution post synthesis are summarised
in Table 5.1.
Table 5.1: Measures taken to maintain the erythrocyte integrity within the polymer and
maybe prevent the appearance of 'holes'.
Preventative measure

Method

Butylhydroxytoluene ( B H T )

•Make 3 m M B H T in 173 m M isopropanol then to
correct concentration using iso-osmotic phosphate
buffer. Final B H T concentration 100|L1M.
RBC's incubated with B H T (100UM) 60 mins room
temperature. Washed thrice then used the
erythrocytes in the polymerisation solution.
• A d d B H T (lOOuM) to the polymerisation solution.
Polymers were synthesised galvanostatically and
potentiostatically.

B H T is a synthetic phenolic
antioxidant. It inhibits lipid
peroxidation by supressmg the
formation of malondialdehyde but
does not prevent membrane protein
changes [167].

T R O L O X (tocopherol)
Trolox is a Vitamin E derivative that
acts as an antioxidant and has
peroxyl radical scavenging
properties[168, 169]. Trolox will
act as an innocent bystander that is
oxidised instead of the biological
targets.
Combination of B H T and T R O L O X

Trolox (0.025M) mixed in equal volumes to
RBC's, and incubated 30 mins room temperature.
Washed thrice then used the erythrocytes in the
polymerisation solution.
Polymers were synthesised galvanostatically.
Added Trolox(0.025M) & B H T (25 u M ) to RBC's
(5 mis). Incubated 30 mins room temperature.
Washed thrice then used the erythrocytes in the
polymerisation solution.
Polymers were synthesised galvanostatically and
potentiostatically.

Mannitol + Dextrose
Mannitol is a hydroxyl scavenger
whilst dextrose will be used by the
erythrocytes to replenish any
depleted A T P via the glycolysis
cycle. [152, 153]

Dextrose (0.5M), mannitol (0.15M) were added to
the polymerisation solution. Polymers were
synthesised galvanostatically.
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Superoxide dismutase (SOD).
S O D catalyses dismutation of
S O D (lOOunits/ml) was added to the polymerisation
superoxide to oxygen and peroxide, solution. Polymers were synthesised
hence in vitro prevents the formation galvanostatically.
of methaemoglobin [119].
Catalase
Catalase is an organic radical
scavenger, especially of intracellular
hydrogen peroxide [170]. It does not
protect against H b oxidation but is
the most effective inhibitor of
monosaccharide auto-oxidation.
Cobalt block

Catalase (0.05M) was added to the polymerisation
solution. Polymers were synthesised
galvanostatically and potentiostatically.

Erythrocytes incubated with C0CI2 / P B S ( I m M )
for 30 nun at 37°C.

A red cell calcium channel blocker to
Washed thrice then used the erythrocytes in the
stop an increase in intracellular
polymerisation solution.
calcium[158, 171].
Polymers were synthesised galvanostatically.
Albumin

•Albumin (4mg/ml) was added to polymerisation
solution. Polymers were synthesised
Albumin m a y play a role in
galvanostatically.
maintaining normal cell shape and
effecting changes in that shape under •Polymers stored in albumin (4mg/ml).
some conditions [119].
Glutathione ( G S H )
G S H not only functions by
detoxifying low levels of hydrogen
peroxide but maintains the integrity
of the erythrocyte by reducing
sulfhydryl groups of haemoglobin,
membrane proteins and enzymes
which m a y become oxidised. G S H
also has the capacity to reduce some
methaemoglobin. G S H is oxidised
at a lower potential than pyrrole so
will be 'sacrificed' instead of the
erythrocyte.
T I R O N (4,5-Dihydroxy-l,3benzene-disulfonic acid) [157].
T I R O N is k n o w n to lower the
oxidising potential of pyrrole
polymerisation.
Hydroquinone
Sacrifical substance for oxidation
instead of erythrocytes[172].

•glutathione (0.01M) added to the polymerisation
solution.
•glutathione (0.01M) plus P V S (2g/L) added to
polymerisation solution.
•Polymers were synthesised galvanostatically and
potentiostatically.

T I R O N (0.1M) was added to the standard
polymerisation solution. Polymers were
synthesised galvanostatically.

Erythrocytes were incubatedwith hydroquinone
(0.1%) in 0.15M N a N 0 3 , 30 mins room
temperature. Washed thrice then used the
erythrocytes in the polymerisation solution.
Polymers were synthesised galvanostatically.
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Gafquat & Lactitol
Both substances were used to
stabilise the proteins[161], by
encaging the proteins in a more rigid
fashion.

•Added to the m o n o m e r solution in addition to P V S
and R B C as counterions. Lactitol ( 5 % w/v & 1 0 %
w/v); Gafquat (1 g/L).
•Replaced sucrose with Gafquat/lactitol; iso-osmotic
lactitol (pH 7.6)
•Replaced sucrose with gafquat / lactitol / N a N 0 3 /

RBC.
•Polymers were synthesised galvanostatically and
potentiostatically.
Phenylalanine
Phenylalanine has been shown to
have an anti-haemolytic effect on red
cells. [159]
Imidazole and T R I S buffers

Phenylalanine ( 4 0 m M ) was added to the
polymerisation solution. Polymers were
synthesised galvanostatically.

•Imidazole buffer, p H 7.3, substituted for sucrose

W e r e used to replace sucrose in
•TRIS buffer, p H 7.26, substituted for sucrose
attempts to maintain the p H at neutral
•A combination of sucrose and each buffer above
levels during polymerisation.
was used in the polymerisation solution.

The results were assessed by macroscopic examination of polymer
deposition onto the electrode and microscopic analysis after the polymers
were fixed in Zamboni then H & E stained. The criteria used for microscopic
assessment of the polymers were: (i) evenness of polymer deposition, (ii)
distribution of erythrocytes in the polymer, (iii) the quantity of the
erythrocytes incorporated, (iv) any shape or size changes of the erythrocytes
and (v) an approximation of the amount of haemoglobin present in the cells
(pink colouration) and an estimate of the quantity of 'holes' at time 0 mins
post growth and 2 hrs post growth.
5.2.4. Fixation of erythrocytes
The effect zamboni and glutaraldehyde fixation had on the functionality of
the 'A' and 'D' antigens on erythrocytes w a s determined using flow
cytometry (Chapter 2, section 2.7.2).
5.2.4.1. Zamboni fixation
A n aliquot (200uT) of washed group B Rh(D) positive erythrocytes were
diluted in an aliquot of I S O T O N (1 ml) before being added to an aliquot (9
ml) of Zamboni fixative and incubated for 30 mins at room temperature.
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The erythrocytes were washed twice in I S O T O N then once in 1 % bovine
serum albumin (BSA) to prevent non-specific binding of cytophilic proteins.
The erythrocytes were resuspended in 1 % BSA.

Washed

unfixed

erythrocytes were run in parallel to the fixed erythrocytes. A s a negative
control group A B Rh(D) negative erythrocytes were used.
A series of dilutions (no Ab, neat Ab, 1:10, 100, 1000, 10 000, 100 000 & 1 000
000) of anti-Rh(D) were prepared in 1%BSA. The erythrocytes were washed
twice between all the following incubation steps in I S O T O N . A n aliquot
(5ul) of erythrocytes was incubated with an aliquot (20itl) of each antibody
dilution above for 10 mins af 37 °C, washed, then incubated with an aliquot
(25ul) of anti-human IgG + anti-human C3d antibody for 10 mins at room
temperature, washed, then incubated in an aliquot (25ul) of goat anti-mouse
FITC labelled antibody for 10 mins af room temperature in the dark and
washed. A n aliquot (500uT) of I S O T O N was added to each tube before being
analysed on the FACScan flow cytometer.
5.2.4.2. GA fixation
The following dilutions of glutaraldahyde (GA % ) ( 0.0125, 0.025, 0.05, 0.1,
0.125, 0.16) were prepared in phosphate buffer (PB)[17]. Equal aliquots (500
|Lil) of 2 % group A Rh(D) positive erythrocytes in PB and G A fixative were
incubated for 5 mins at room temperature. The erythrocytes were blocked in
an aliquot (500 uT) of lysine (0.03M) in PB for 5 mins at room temperature.
Each tube was washed once in lysine (0.03M) then incubated in an aliquot
(500jll) of 1 % B S A in PB for 5 mins at room temperature to prevent nonspecific binding of cytophilic proteins. The tubes were then washed twice in
1 % B S A in PB. The fixed erythrocytes were resuspended in an aliquot (1 ml)
of 1 % B S A in PB.
A n aliquot (25|Lil) of fixed erythrocytes (0.02 x 10 12 R C C / L ) was added to an
equal amount of antibody; anti-A (Novaclone) neat, anti-B (Novaclone)
neat and anti-D IgG ( G A M M A ) (O.lmg/ml) and incubated for 15 mins at 37
°C. A positive control with unfixed erythrocytes was run in parallel with
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the G A fixed erythrocytes. The tubes were washed twice in PB. To tubes
containing anti-A and anti-B an aliqout (20jil) of fluorescein isothiocyanate
(FITC) labelled goat anti-mouse ( G A M ) was added whilst an aliquot (25ul) of
FITC labelled goat anti-human IgG w a s added to tubes containing anti-D and
incubated for 15 mins at room temperature in the dark. Each tube w a s
washed twice in P B then analysed on the FACScan flow cytometer. A n
autofluorescence control tube (no FITC label added) was run in parallel with
the test samples.
5.3. Results
5.3.1. Washed erythrocyte storage
Lysis of erythrocytes (Table 5.2) w a s insignificant (<2.1%) in all solutions
tested, except A R C 8, which showed significant lysis (43.3 % ) of erythrocytes
after 24 hrs of incubation. It w a s assumed therefore that all the solutions,
except A R C 8 , could be potential storage solutions for polymers containing
erythrocytes.
Table 5.2: Percent Lysis of Washed Erythrocytes after Storage
Solution
0.27M Raffinose
Albumex 5
0.27M Raffinose + Albumex 5(1:1)
ARC8
Adsol
0.27M sucrose
Sucrose: Adsol (3:1)
0.15M sodium chloride
0.1M TRIS (iso-osmotic p H 7.5)
0.1M Trolox/phosphate buffer (isoosmotic)
phosphate buffer (iso-osmotic)

% lysis
Omins

% lysis
2 hrs

% lysis
5hrs

% lysis
24 hrs

1.0
1.1
0.7
0.9
0.8
0.9
1.1
0.5
0.7
0.6

0.7
0.8
1.0
1.1
1.2
1.1
1.0
0.7
0.6
0.7

1.3
1.1
2.1
3.3
1.5
1.4
1.3
1.1
0.9
0.9

1.5
1.2
1.6

0.5

0.7

1.0

43.3

1.7
1.5
1.5
1.2
1.0
0.9
1.1
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5.3.2. Storage solutions for polymers containing erythrocytes
Sucrose/ADSOL (3:1) solution was initially chosen as the storage solution to
be used for polymers, selected from Section 5.3.1., because it was readily
available, cheap and contained the base ingredients (sucrose and A D S O L ) of
C P D A - 1 / A D S O L , which is the storage solution used by current day blood
transfusion services. Storage of washed erythrocytes in sucrose/ADSOL (3:1)
did not pose any problems as after 24 hrs minimal lysis of erythrocytes had
occurred.

However, once the erythrocytes were incorporated into the

polymer matrix storage of these cells became more difficult because the
erythrocytes progressively became paler until they appeared as 'holes'.
Further investigation into a suitable storage m e d i u m was necessary.
After all the storage solutions (listed in section 5.2.2.) had been trialled it was
noticeable that there were less 'holes' overall in the polymers, synthesised at
1.5 m A c m - 2 for 10 sees, and stored in raffinose (0.27M) as opposed to being
stored in ADSOL/sucrose (1:3). Storage in any of the other solutions tested
showed no improvement of erythrocyte morphology.

The quantity of

haemoglobin present in the erythrocyte decreased within 2-5 hrs and 'holes'
formed.
Polymers immediately post synthesis contained a majority of erythrocytes in
the polymer matrix as haemoglobin filled (darker grey) biconcave discs,
Figure 5.1. The erythrocytes were all approximately the same size, 8 urn,
with no fragmentation or sign of shedding vesicles. S o m e erythrocytes did
appear echinocytic.
Storage in sucrose/ADSOL (3:1) for 5 hrs leaves only an occasional
haemoglobin filled biconcave disc present in the polymer, Figure 5.2. The
majority of erythrocytes appeared n o w as 'holes' of various shapes and sizes
within the polymer. S o m e 'holes' are large crescent shapes which could be
the remains of an erythrocyte that swelled dramatically before finally
bursting. Other 'holes' appear as tiny star shapes, as if all the contents were
released leaving only an empty sack of membrane approximately 1-2 urn in
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diameter. T h e smaller rounder 'holes' m a y b e shedded vesicles of the once
intact erythrocyte.

Figure 5.1: A polymer piece fixed in glutaraldehyde (0.15%)/phosphate buffer
immediately post synthesis. Scale bar lOum.

Figure 5.2: A polymer piece that was stored in sucrose (0.27M) for 5 hrs. Space bar
10|lm.
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W h e n raffinose w a s used instead of the sucrose/ADSOL medium, after 5hrs,
the majority of erythrocytes remained as they were immediately post
synthesis, with only an occasional 'pale' erythrocyte (lighter grey dies),
Figure 5.3. Echinocytes were still present.

Figure 5.3: A polymer piece stored in raffinose (0.27M) for 5hrs. Scale bar lOum.

After storage for 22 hrs in raffinose the erythrocytes appeared shrunken and
'pale' with the occasional 'hole', Figure 5.4. The erythrocytes n o w looked
more comparable to those stored in sucrose for 5 hrs, except that the
different shaped 'holes' visible in sucrose stored polymers were different
shaped 'pale' cells w h e n stored in raffinose. If the polymers were viewed
after 30-40 hrs storage in raffinose these different shaped 'pale' cells m a y also
b e c o m e 'holes'.

Echinocytes were not as plentiful n o w after 22hrs,

suggesting the echinocytes were the erythrocytes that had become the 'pale'
cells then m a y b e the 'holes'.

1

Figure 5.4: A polymer piece stored in raffinose (0.27M) for 22 hrs. Scale bar lOum.
Characterisation of the polymers, including quantitation of the n u m b e r s of
erythrocytes present, w a s undertaken (Chapter 6) and those results confirm
that there w a s a loss of haemoglobin, from the polymer matrix over time.
5.3.3. Stabilisers and Antioxidants
The oxidative measures trialled did not prevent the formation of 'holes'
within the polymer matrix over time. Individual result descriptions are
outlined in Table 5.3 w h i c h is designed to corresponding with the
experimental details outlined in Table 5.1.
Table 5.3: A summary of polymer and the incorporated erythrocyte morphology when
preventative oxidative measures were tested.
Preventative measure

BHT

TROLOX

Result Description
•Incubation with erythrocytes: All the polymers were
even however 'holes' were still present in varying
quantity.
• Addition to the polymerisation solution: patchy
deposition of polymer onto the gold. 'Holes' still
prominent.
Polymers were even with a good distribution of
erythrocytes. The erythrocytes underwent shape
changes, e.g.echinocytes present. 'Holes' still appeared.
1

B H T + Trolox

Polymers were even with a good distribution of
erythrocytes. T h e erythrocytes underwent shape
changes, e.g.echinoeytes present. 'Holes' still appeared.

Mannitol + Dextrose

'Holes' still in evidence although the polymers are even
and contain many erythrocytes.

SOD

Polymers were even with a good distribution of
erythrocytes. T h e erythrocytes underwent shape
changes, e.g.echinoeytes present. The erythrocytes were
arranged in chains or in a lacework pattern. 'Holes' were
still present.
Polymers were deposited evenly. 'Holes' were still
present and erythrocytes looked like deflated ghost-like
sacks, presumeably due to reduced haemoglobin levels.

Catalase

Cobalt block

Very few erythrocytes were incorporated. T h e post
polymerisation solution w a s a mass of brownish
aggregated cells, instead of cherry red cells.

Albumin

There was no observeable difference in the polymer or
the erythrocytes to those grown without albumin present.

Reduced glutathione

•Added to the polymerisation solution instead of P V S : the
erythrocytes lysed.

Oxidised glutathione

TIRON

Hydroquinone

Gafquat & Lactitol

Phenylalanine

•Added to the polymerisation solution in addition to P V S :
polymers deposited evenly. M u c h of the polymer
contained few, if any, erythrocytes. 'Holes' were still
present. S o m e polymers contained 'black' cells.
A s per reduced glutathione.

Polymers had an extremely patchy coverage of
polypyrrole. The m o n o m e r solution was becoming a
clear brown colour suggesting the erythrocytes were
lysing.
Before synthesis the erythrocytes had undergone visible
changes and these changes were more pronounced post
growth. The changes included H b precipitates inside the
cell, multiple echinocytes and swollen cells.
•In addition to P V S and R B C as counterions: even
polymer deposition but in some polymers there is up to
9 0 % 'holespresent.
•Replaced sucrose with Gafquat/lactitol & iso-osmotic
lactitol (pH 7.6): very thin polymers and erythrocytes
were full of black dots.
•Replaced sucrose with gafquat/lactitol/NaN03/RBC:
Oxidising potential increased resulting in an uneven
polymer deposition. 'Black' cells and erythrocytes full of
black dots were present. T h e erythrocytes showed
rouleaux and the polymer had a honeycomb appearance.
Uneven deposition of polymer on the electrode. 'Holes'
and 'black' cells were present.

138

TRIS and Imidazole buffers •without sucrose the polymer deposition was patchy and
uneven with insufficient erythrocytes incorporated.
'Holes' still appeared over time.
•in combination with sucrose the polymers were more
even, however the 'holes' still appeared and the
distribution of erythrocytes incorporated was variable.

5.3.4. Fixation of erythrocytes
5.3.4.1. Zamboni fixation
Fixation of erythrocytes in Z a m b o n i reduced the available 'D' antigen sites
on erythrocytes by an order of magnitude of 10 000. Zamboni fixed Rh(D)
positive erythrocytes showed positive fluorescence (> 3xl0 2 intensity) w h e n
incubated with anti-Rh(D) dilutions of 1: 10 and 1: 100. Incubation in antiRh(D) dilutions, from 1:1000 upto 1: lxlO6, showed fluorescence equal to or
less than the negative controls.
Negative control tubes, containing R h ( D ) negative cells, s h o w e d

no

fluorescence (< 2x10! intensity). Autofluorescence control tubes, with no
anti-Rh(D), s h o w e d no fluorescence.

Positive control tubes, containing

unfixed R h ( D ) positive erythrocytes, showed strong fluorescence (> 4 xlO 2
intensity) with all the anti-Rh(D) dilutions (i.e. upto 1: lxlO6).
5.3.4.2. Glutaraldehyde fixation
Glutaraldehyde fixation destroyed the functionality of the Rh(D) antigenic
receptors.

T h e 'A' antigen, however, w a s not compromised after the

erythrocytes were fixed with glutaraldehyde.
The erythrocytes fixed in glutaraldehyde exhibited autofluorescence. That is
the autofluorescence control, with no antibody added, displayed a stronger
fluorescence (lxlO2 intensity) than the negative control (either 'D' negative
cells with anti-Rh(D) or 'B' cells with anti-A) (<lxl0 1 intensity).

The

autofluorescence w a s weaker, therefore distinguishable, from a positive
fluorescence ( l x l O M x l O 4 intensity), due to binding of the antigen with the
specific FITC labelled antibody. Autofluorescence is a function of cell size,
cell type, excitation wavelength and emission detection wavelength.
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Group 'A' erythrocytes fixed in 0.05% or less than 0.05% glutaraldehyde and
incubated with anti-A showed positive agglutination, before being analysed
on the flow cytometer, indicating a strong positive reaction. The negative
control tubes, with unfixed group 'B' erythrocytes incubated with anti-A,
had no agglutination present and w h e n analysed on the flow cytometer had
a fluorescence intensity of <lxl0 1 . The negative control tubes, with fixed
group 'B' erythrocytes incubated with anti-A, had no agglutination present
and w h e n analysed on the flow cytometer had a fluorescence intensity of
lxlO2 , indicating the fixed erythrocytes were autofluorescing.
This data agrees with other work[164] and indicates that glutaraldehyde
fixation of erythrocytes does not appear to destroy the specific A B O antigenic
receptors as they retain the capacity to adsorb specific antibodies from
solution.
Rh(D) positive erythrocytes fixed in glutaraldehyde (0.0125% upto 0.16%)
and incubated with anti-Rh(D) showed no fluorescence stronger than that
attributed to autofluorescence (lxlO2 intensity).

The positive control,

containing unfixed Rh(D) positive erythrocytes incubated with anti-Rh(D)
exhibited visible agglutination as well as a fluorescence intensity (lxlO4)
over twice the intensity displayed by the autofluorescence control.
This data indicates that glutaraldehyde fixation of erythrocytes destroys the
ability of Rh(D) antigenic receptors to adsorb specific antibodies from
solution.
5.4: Discussion
Despite attempts to prevent changes to the intact biconcave erythrocyte
incorporated into the polypyrrole matrix by: (i) making the erythrocytes
more

robust

(incubation

in antioxidants prior to addition into

polymerisation solution); (ii) adding n u m e r o u s antioxidants to the
m o n o m e r solution as sacrifical oxidants; (iii) ensuring minimal oxygen was
present during polymerisation (using 4 0 % v/v erythrocytes so oxygen
remained bound to the erythrocyte); (iv) blocking the calcium channels of
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the erythrocyte; (v) neutralising any excess negative charges so as to encage
the erythrocyte in a more rigid fashion; (vi) adding anti-haemolytic agents;
(vii) adding different buffers in both the m o n o m e r solutions (with a view to
control p H changes) and (viii) using different storage m e d i u m s (for
example, rehydration in electrolyte solutions instead of non-electrocyte
solutions) as well as supplying nutrients and energy sources in the storage
medium; the erythrocytes still altered with time after polymerisation.
That is, there w a s no particular course of action found that solved w h y the
'holes' progressively appeared post polymerisation.

The onset of the

erythrocyte degradation w a s delayed by upto 22hrs after the polymerisation
conditions were changed (so that the erythrocytes were present on the
electrode for shorter times (10 sees)), then incubated in a large nonelectrolyte m e d i u m (iso-osmotic raffinose).
Electroporation 'holes' m a y b e reversible (depending on the ionic strength,
the potential and the pulse duration) but before resealing the permeability of
the m e m b r a n e is altered so osmotic pressures and electrolyte concentrations
within the erythrocyte are also altered [148]. N o spherocytosis, disordered
energy metabolism or alterations of membrane permeability were detectable
in erythrocytes in the bulk solution but this does not exclude damage to the
erythrocytes on the electrode surface.
Sucrose has a Stokes-Einstein radius of 0.52 n m while raffinose is
0.67nm[160]. In native erythrocytes sucrose and inulin do not penetrate the
m e m b r a n e to any measureable extent[173]. From the results above it could
be suggested that the oxidising potentials reached during synthesis of the
polymers is very near the IV threshold required to begin electroporation
and b r e a k d o w n of the erythrocyte m e m b r a n e .

After synthesis the

erythrocytes incorporated in the polymer matrix n o w have a larger pore size
in the m e m b r a n e than in native erythrocytes and where in native
erythrocytes sucrose prevents colloidal osmotic haemolysis from occurring
it no longer does so. Other large sugars like inulin (1.4nm), melezitose or
stachyose (0.67nm)[173, 174] m a y further delay loss of haemoglobin. This is
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yet to be investigated. Shortening the time the erythrocytes were subjected
to the oxidising potentials (10 sees instead of 30secs or longer) m a y have
helped to reduce the number of larger pores formed, hence the absence of
'holes' immediately post synthesis.
The 'holes' observed appeared bigger in size than the paler cells, Figure 5.2.
In turn the paler cells appear shrunken in comparison to the intact
erythrocyte, Figure 5.4. If for example during synthesis pores were created
and those pores were of limited size but large enough to allow the passage of
sucrose (or even raffinose over time) which is normally impermeable, the
erythrocyte would firstly shrink. Shrinkage would be caused by the loss of
ions from the erythrocyte because sucrose permeation would be slower than
the leakage of sodium or potassium ions but then as the sucrose enters the
erythrocyte the cell would swell again[149].
Leak formation in native erythrocytes has also been k n o w n to occur
following oxidation of the skeletal protein S H groups[160]. If the S H groups
were oxidised during synthesis of the polymer and resulted in perturbations
of their association with the bilayer domain this would in turn have
induced changes of the mechanical properties of the erythrocytes (such as
cell deformability and m e m b r a n e stability), resulting in the 'holes' that
appeared u p o n storage. C o m m o n features associated with S H modification
of the m e m b r a n e includes: (i) shedding of membrane vesicles (which is not
immediately obvious in the erythrocytes incorporated into the polypyrrole
but after storage in sucrose the smaller 'holes' maybe these vesicles) and (ii)
an enhancement of the m e m b r a n e permeability to hydrophobic ions which
precedes leak formation[160]. These leaks can persist even after 'resealing'of
the erythrocytes, which m a y explain w h y storing polymers at 37° C for 45
mins did not stop the formation of 'holes'.
If there w a s a loss of barrier properties associated with S H modifications one
would expect changes in the transbilayer mobility of phospholipids, which
could result in a loss of Rh(D) activity. Rh(D) antigen activity depends upon
the presence and mobility of phospholipids because the lipids orientate the
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R h protein allowing antibody binding[24]. Therefore, the integrity of the
incorporated antigens (both Rh(D) and A B O ) functionality had to be
addressed (Chapter 8).
Oxidative damage to the erythrocyte membrane has also been ascribed to
peroxidation of lipids[175]. Peroxidation of the lipid membrane is less likely
to have been a contributor to the formation of 'holes' in the polymer matrix
because the use of antioxidants such as B H T and T R O L O X did not prevent
their formation. These two antioxidants are k n o w n to almost completely
abolish any increase in leak formation from lipid peroxidation[l75] although
these antioxidants have never been used to prevent lipid peroxidation in an
electrochemical synthesis system before.
The disappearance of the obvious echinocytes after storage in raffinose for
22hrs could indicate that the erythrocytes were ready to lyse. This is unlikely
however because those erythrocytes were not spherocytic.

Echinocyte

transformation of erythrocytes takes place w h e n intracellular A T P is
depleted, w h e n intracellular calcium increases or w h e n the cell is exposed to
stored plasma, high p H , anionic detergents or fatty acids[119].
Transformation of the erthrocyte proceeds through several recognisable
stages: (i) echinocyte I (irregularly contoured disc); (ii) echinocyte II
(appearance of regularly shaped spicules); (iii) echinocyte III (cell becomes
spherical with approximately 30 spaced spicules); (iv) sphero-echinocyte I
(more distinctly spherocytic with tiny spicules only) and (v) spheroechinocyte II (spicules are so small only visible with scanning electron
microscopy). It isn't until this last stage that the shape is irreversible and the
erythrocytes can lyse.
Echinocyte transformation can be reversed after restoration of A T P levels,
but w h e n erythrocytes were incubated in C P D A - 1 , a solution k n o w n to
maintain A T P levels for upto six weeks[128] the echinocytes still appeared.
Addition of the calcium blocker, cobalt, did not prevent the formation of
echinocytes, nor did the addition of buffers to prevent any dramatic p H
changes. Echinocytes m a y just be the result of using older erythrocytes[153]
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stored then washed.

To fully understand the observed echinocyte

transformation, then the appearance of 'pale' cells and 'holes' requires
further investigation.
Both zamboni and glutaraldehyde fixation succeeded in preventing the
formation of 'holes' in the polymer matrix.

Fixation of the polymer

containing erythrocytes w a s only a limited success; it had no effect on the
electroactivity of the polypyrrole nor the activity of the A B O antigens, but
compromised the Rh(D) antigen functionality.
Zamboni fixation reduced the activity of the Rh(D) antigen by a magnitude
of 10 000 which m a y ultimately compromise the sensitivity of the biosensor
and glutaraldehyde fixation destroyed the Rh(D) activity altogether.
Glutaraldehyde fixation has been k n o w n to destroy band 4.1 and band 7
(peripheral or extrinsic proteins) at low concentrations whilst bands 1 and 2
(also peripheral proteins) diminish progressively, so it m a y b e that
glutaraldehyde fixation destroys the R h proteins likewise.
The mechanism for the reduction or destruction of Rh(D) activity by
fixation is u n k n o w n . It m a y b e associated to differences in fixation of a
protein antigen like Rh(D) and the fixation of a carbohydrate antigen like
the A B O antigens. That is, carbohydrates m a y be less sensitive to fixation
than the proteins, hence retain their functionality.
The Rh(D) antigen is located on the R h polypeptide that has 12 membrane
spanning domains[4] with phospholipid dependence (Chapter one). If
fixation interferred with the phospholipid or the R h polypeptide, the ability
of the R h polypeptide to attain the conformation on the membrane surface
for antigen-antibody binding is destroyed.
Fixation m a y induce the formation of a rigid glycophorin molecule barrier
across the erythrocyte membrane, limiting accessibility of the D antigen sites
to the anti-D. A and B antigens are located on glycophorins, which extend
greater than 3 0 n m above the m e m b r a n e surface, whilst Rh(D) antigens
would extend less than 14nm from the surface[4]. Fixation would cause the
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glycophorins to become rigid so then they could form the barrier which
could compromise D antigen accessibility to the anti-D.
5.5 Conclusion
Intervention and prevention of biological damage within the polymer
matrix was required but there was no particular course of action found that
solved the progressive appearance of 'holes' and
functionality w a s maintained.

where

antigen

The formation of 'holes'was delayed by

shortening the time of polymerisation, that is the time the erythrocytes were
on the electrode, and then storing those polymers in iso-osmotic raffinose.
The formation of holes w a s prevented by fixation of the polymers
containing erythrocytes but Rh(D) functionality w a s either destroyed or
compromised.
The loss of haemoglobin from the erythrocyte does not necessarily indicate a
loss of membrane. M e m b r a n e could be left intact in 'pale' cells or 'holes'
and this portion of m e m b r a n e m a y still contain viable antigens which
would allow the biosensor to still function for a blood grouping application.

145

CHAPTER 6
CHARACTERISATION OF THE POLYMER MATRIX
6.1. Introduction
Morphological and electrochemical characterisation of the polymers w a s
performed at several stages of synthesis optimisation. The electrochemical
properties of the polymer were assessed by cyclic voltammetry (CV),
electrochemical quartz crystal micro gravimmetry ( E Q C M ) and resistometry.
These electrochemical characterisation techniques were invaluable in
assessing the polymers for the potential to produce a signal once the
antigen-antibody binding had occurred.
Verification of the presence of erythrocytes in the polymer matrix used light
microscopy (LM). The number of erythrocytes incorporated w a s measured
by (i) chromium 51 labelling the erythrocytes (haemoglobin) and (ii) manual
counting of the erythrocytes using light microscopy and image analysis. The
polymers were then characterised by detailed electrochemical methods.
This w a s an adequate check that polymer coverage w a s even and complete
over the entire electrode surface, but for further

morphological

characterisation of the erythrocyte, the paler cells and the 'holes' A F M was
used with a view to ascertain whether intact erythrocyte membrane w a s
immobilised into the biosensor matrix.
6.2. Experimental
The erythrocytes were collected and the standard m o n o m e r solution was
prepared as previously described, Chapter 4. The polymers were synthesised
galvanostatically and because the polymers contained intact cells, it w a s
necessary to carry out all electrochemical characterisation in isotonic, 0.15M
NaCl, N a N 0 3 or 0.1M TRIS buffer p H 7.8.
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6.2.1. Morphological Characterisation with AFM
Polymers were viewed with A F M as described in Chapter 2. The images
were analysed by comparison of the root m e a n square roughness (rms).
Images were collected over areas between 25-225 |im2.
6.2.2. Quantitation of erythrocytes in polymers •
6.2.2.1. Cr 51 labelling of Erythrocytes
The blood w a s spun then the supernatent removed so that only packed
erythrocytes remained.

A n aliquot (O.ljil) of Sodium Chromafe (Cr^i)

(Amersham) (37 M B q ) was added to packed red cells (approx 10 mis) and
incubated for 20 mins at room temperature. The erythrocytes were rinsed
three times in I S O T O N to remove excess chromium.

The labelled

erythrocytes were added to the m o n o m e r feed solution, as described
previously. The exact number of erythrocytes (6.705 x 10 1 2 L -1) in the
solution w a s obtained by electronic cell counting and an aliquot (lOmls)
added to the standard m o n o m e r solution.
Twenty polymers were synthesised, in each experiment, galvanostatically
using a current density of 1.5 m A c m - 2 for a time of 10 sec. The polymers
were rinsed in 0.15M NaCl then divided into two. O n e half was fixed in
0.16% glutaraldahyde in phosphate buffer (PB) (total erythrocyte tube). The
other half w a s either (i) stored in raffinose (0.27M) for 2 hrs then fixed or (ii)
stored in raffinose (0.27M) for 22 hrs then fixed. All tubes were counted
using a g a m m a counter (Chapter 2) for 1000 sees (so that counts were greater
than 10 000). Each polymer was then removed from the tube, leaving only
the solution, and recounted. This solution blank was subtracted from the
initial count.
A standard curve was prepared. K n o w n amounts (0, 0.025, 0.05, 1 and 2 \\1)
of labelled erythrocytes were placed into 0.16% glutataldehyde/PB fixative
and counted. A fixative blank was subtracted from each standard tube. The
quantity of Cr 51 labelled erythrocytes incorporated into the polymers was
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calculated by substituting the counts obtained from the test polymers into
the equation derived from the standard curve.
6.2.2.2. Image analysis
Polymers were synthesised galvanostatically using various current densities
for different lengths of time from the standard m o n o m e r solution. The
polymers were either fixed immediately post synthesis, stored in raffinose
(0.27M) or sucrose (0.27M) then fixed. The fixative was 0.15% glutaraldehyde
in phosphate buffer.
The polymers were stained with H & E , then imaged using a digital camera
attached to a light microscope and an apple computer. The images were
assessed using N I H Image 1.61 software. A m i n i m u m of four polymers was
assessed for each synthesis condition, and a m i n i m u m of 200 erythrocytes
was counted, from which the quantity of erythrocytes per square centimetre
of polymer w a s calculated. The results were analysed using a paired t-test.
6.2.3. Electrochemical Characterisation
6.2.3.1. Cyclic Voltammetry (CV)
W a s carried out as previously described in Chapter 2.
6.2.3.2. EQCM
Calibration of the Q C M crystal in relation to mass sensitivity was performed
as described by Bruckenstein and Shaw[103]. Calibration consists of the
selective cathodic deposition of silver in the electrode. The plating solution
was 0.001M A g N 0 3 in 0.2M perchloric acid (HCLO4). The cleaned crystal was
primed for 5mins at 0.0V in 0.2M H C L 0 4 . Priming ensured that the only
reaction being monitored w a s the silver depositing onto the gold.

To

compensate for any charging current a blank w a s run for the equivalent
time as the silver deposition.

Silver w a s then electrodeposited

potentiostatically, with a CV27, at 0.0V (vs Ag/AgCl). The temperature was
24.8 °C.
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Polymers, 0.25cm2, were synthesised in an E Q C M cell (Chapter 2), using a
current density of 1.5 m A c m - 2 for a time of 10 sec. A plot of frequency
versus potential was produced simultaneously with a cyclic voltammogram,
between + 0.5V to -0.8V beginning and ending the cycle at +0.17V. Multiple
consecutive cycles were performed and the polymers were reduced and
oxidised at least three times before the E Q C M data was collected.
6.2.3.4. Resistometry
To calibrate the resistometer a k n o w n resistance was applied.

Several

readings were taken over 30 sees, averaged then measured resistance was
plotted against applied resistance.
Polymers, 4 cm 2 , were grown using a current density of 1.5 m A c m - 2 for a
time of 10 sec. The polymers, cut into 1cm strips so that the polymer test
area in the cuvette was 1 c m 2 , were cycled in an aliquot (1ml) of TRIS p H 9.8
buffer using a scan rate of 20 mV/sec. A plot of resistance versus potential
was produced simultaneously with a cyclic voltammogram between + 0.35V
to -0.70V beginning and ending the cycle at +0.17V.

6.3. Results
6.3.1. Morphological Characterisation using AFM
A F M showed that the gold mylar ridges (Figure 6.1) had a root m e a n square
roughness (rms) of 11.95 n m . The PVS/polypyrrole polymer (Figure 6.2),
synthesised using a current density of 0.75mA for 30 sees, had a rms of 52.89
nm.

The polymer showed larger more uneven ridges than gold.

Some

polypyrrole w a s grouped in larger clusters which do not appear un-alike to
cauliflowers. S o m e of these larger structures maybe a result of where
several polypyrrole nodules have grown together and have become fused.
The height of the larger nodules was approximately l|im whereas the height
of the gold was approximately 265nm.

149

The erythrocytes in the polymers proved more difficult to image than
erythrocytes attached to mica.

This m a y have been a result of the

surrounding polymer matrix being more rigid than the erythrocyte
m e m b r a n e so to m a k e both the polymer and m e m b r a n e rigid for high
resolution imaging, polymers were synthesised galvanostatically, then fixed
with glutaraldehyde (0.16%) before being imaged in air.
The erythrocyte (Figure 6.3) incorporated into the PVS/polypyrrole matrix,
synthesised using a current density of 0.75 m A c m " 2 for 30secs also, appeared
as a biconcave disc, 8|lm width, with a rms of 184.82. The erythrocyte
appeared not to be covered in polypyrrole but this could not be ascertained
conclusively, as images of a 1.5um section of the erythrocyte membrane
(figure not shown) appeared as just valleys and gullies (rms 35.265), nothing
like the polypyrrole image where clusters were observed (Figure 6.2).
Polymers grown for 1.5mAcnr 2 for lOsecs would be less likely to have
polypyrrole covering the erythrocytes than those grown for 0.75mAcm" 2 for
30 sees as less polypyrrole would be polymerised because less charge was
passed. It is quite likely that the incorporated erythrocytes are surrounded at
the base by polypyrrole no higher than l]dm. Although what effect this m a y
have had on the final signal w a s unknown, it suggested that the antigen
sites on the top surface of the membrane were definitely accessible to any
antibody presented into the solution.

That is, antigen sites on the

membrane were not all buried under a thick layer of polymer.
A n image of a 'hole' found immediately post synthesis (Figure 6.4) appeared
to have no m e m b r a n e present. The erythrocyte m a y have landed on the
electrode and prevented polypyrrole from depositing as thickly in that area
compared to polypyrrole deposition onto the gold. The erythrocyte either
then floated off, w a s washed off or was haemolysed during synthesis with
no m e m b r a n e observed on the electrode. This 'hole' stained with H & E ,
appeared as a completely white or colourless patch.

Figure 6.1:

A F M tapping image of gold coating plastic mylar (the working electrode).

0

Figure 6.2:
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A F M tapping image of a PVS/polypyrrole polymer, synthesised using a

current density of 0.75mAcm" 2 for 30 sees.
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Figure 6.3: A F M images of an erythrocyte incorporated into a PVS/polypyrrole
polymer. Synthesised using a current density of 0.75mAcnr 2 for 30 sees.
(a) tapping image
(b) a 3 D view of (a).

Figure 6.4: A F M image of a 'hole'. Synthesised using a current density of
0.75mAcnr 2 for 30 sees.
(b) a 3 D image of (a).

a) tapping image

illl

2

Figure 6.5:

A F M image of a 'pale' erythrocyte (RHS) and a 'hole' (LHS)
in a
pp/PVS/RBC polymer synthesised using a current density of 0 7 5 m A c n r
for 30 sees.

(a) A tapping image

(b) a zoom view of the edge of the 'pale'

cell and the polypyrrole polymer.

!JM

Figure 6.6:
A F M image of a very 'pale' erythrocyte and a 'pale' erythrocyte in a
pp/PVS/RBC polymer synthesised using a current density of 6.75mAcm-2
for 60 sees, then stored in ADSOL/sucrose (1:3) for 6 days.

o

12.1 MM
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A s discussed previously (Chapter 5, Section 5.3.2.), storage of polymers long
term saw erythrocytes progressively become paler until they appeared as
'holes', especially w h e n stored in ADSOL/sucrose (1:3). A F M images clearly
demonstrated the presence of intact m e m b r a n e in very pale erythrocytes
with only pink colouration (stained in H & E ) around the outer membrane
w h e n stored for 2 hrs in sucrose/ADSOL (Figures 6.5 and 6.6). Images of the
erythrocytes that appeared as 'holes' upon 6 days storage (Figure 6.6) still
contained sections of membrane. U p o n storage, erythrocytes appear to have
deflated, like balloons, quite a different image to those 'holes' observed
immediately post synthesis. The rms of these deflated membrane sacks was
79.073nm, whilst the holes immediately post synthesis had a rms of
51.010nm, nearly the same as P V S /polypyrrole (52.89 n m ) , but still m u c h
larger than the rms of gold (11.95 n m ) .
6.3.2. Quantitation of Erythrocyte Numbers Incorporated
6.3.2.1. Cr 51 labelling of Erythrocytes
O n average there were 5.0 x 10 5 erythrocytes cm- 2 incorporated into each
polymer that w a s synthesised at 1.5 m A c m 2 for 10 sees. From the standard
curve, Figure 6.7, it w a s calculated there w a s an average of 4.0 x 10 5
erythrocytes cm- 2 incorporated into each of the twenty polymers, Table 6.1.
Labelling w a s repeated twice more on two separate weeks (standard curves
and data not shown) and those results showed each polymer contained (i)
5.99 x 10 5 cm- 2 erythrocytes and (ii) 5.11x 10 5 cm-2 erythrocytes.
Polymers stored in raffinose (0.27M) for 2 hrs still contained 3.8 x 10 5
erythrocytes whilst after 22 hrs storage 2.7 x 10 4 erythrocytes remained, Table
6.1. This represents a 5.5 % loss of chromium label from the polymer after 2
hrs in raffinose and 93.9% loss of chromium label after 22 hrs storage in
raffinose.
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Figure 6.7: Standard curve relating the quantity of chromate labelled erythrocytes with
gamma counts.

Table 6.1: G a m m a counts obtained from polymers and quantity of erythrocytes
incorporated.
Time (hrs), number
of polymers tested

(n)
0 (n=20)
2 (n=10)
22 (n=10)

Raffinose (0.27M) storage
(counts/lOOOsecs minus the
blanks)

Erythrocytes/cm2
incorporated in the polymer

683.95
644.60
61.30

4.0 x 10 5
3.8 x 10 5
2.7 x 1 0 4

The loss of chromium label from the polymer matrix could have been due
to either the loss of haemoglobin from inside the erythrocyte or due to the
loss of the entire erythrocyte from the polymer, as chromium attaches to the
haemoglobin portion of the erythrocyte. A F M work, above, indicated that
erythrocyte m e m b r a n e remained in the polymer matrix so the majority of
label w a s most likely to be associated with the loss of haemoglobin from the
erythrocyte.
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6.3.2.2. Image Analysis
Image analysis indicated that there were 1.04 x 10 6 erythrocytes cm-2, Table
6.2, incorporated into the polymer that was synthesised at 1.5 m A c m 2 for 10
sees. There was no significant increase (0.05<p<0.41) in the numbers of
erythrocytes incorporated into the polypyrrole matrix if the polymers were
synthesised at 0.75 m A c m 2 for 30 sees. That is, there was no increase in the
numbers of erythrocytes incorporated even though a larger charge was
passed during synthesis. Polymers synthesised using a current density of 1.5
m A c m 2 for 10 sees have 1 5 m C charge passed, whereas polymers synthesised
using a current density of 0.75 m A c m 2 for 30 sees have 22.5 m C charge
passed.

Table 6.2: Quantitation, by image analysis, of erythrocytes incorporate
Current density
(mAcm-2)

Time of growth
(sees)

Storage condition

Quantity of erythrocytes
(RBC's x 106 cm-2 ±
SEM)

G A fixed immediately
1.5

10

1.043 ± 0.08 (n=4)
G A fixed immediately

0.75
1.5

30
10

1.068 ± 0.16 (n=5)
Raffinose (0.27M)
5 hrs

1.098 ± 0.12 (n=4)

As discussed in Chapter 4 (Section 4.3.3.3.) when a charge of 22.5mC was
passed during synthesis variations in the quantity and distribution of
erythrocytes occurred. However, those synthesised using 0.75 m A c m 2 for 30
sees, were comparable with the polymers synthesised passing less charge
(Chapter 4, Section 4.3.3.4.). It maybe useful to be able to synthesise polymers
passing a larger charge with the same number of erythrocytes incorporated,
because more polypyrrole would coat the electrode, which m a y mean a
stronger signal can be produced.
Storing polymers in raffinose (0.27M) for 5hrs did not significantly reduce
the numbers of erythrocytes present in the polymer matrix (0.05<p<0.37),
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which indicated that the 5.5% loss of label (chromium) w a s from a loss of
haemoglobin and not from the loss of erythrocyte membrane.
6.3.3. Electrochemical Characterisation of Polymers Containing Erythrocytes
6.3.3.1 Cyclic Voltammetry (CV)
A typical C V , Figure 6.8, had a sharp defined reductive peak and a broad
oxidative peak. A significant difference in profiles was observed between
the first and second cycles, before a reproducible profile w a s obtained.
Reduction of the polymer on the initial scan was not completed until -0.55V
(vs A g / A g C l ) but on subsequent reductions w a s complete by -0.4 V. The
oxidation peak occurred around -0.25 to -0.2V and did not alter in shape or
size on any scan. The amount of current flow during the oxidation and
reduction of the polymer (4cm 2 ) was approx 0.5mA.
The peak shaped waves occur because the polymer w a s attached onto a
macroelecfrode where the initial rate of electrolysis exceeds the rate at which
fresh analyte can diffuse to the electrode surface. The reduction and
oxidation peaks are associated with the polypyrrole backbone. The small
capacitive behaviour at positive potentials, +0.5V, has been attributed to
double-layer effects of the large surface area (4cm 2 ) to polymer solution
interface.
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Figure 6.8: The first three cycles of a P V S polymer containing erythrocytes. Polymers,
4 cm 2 , were grown using a current density of 0.75 mAcm- 2 for a time of 30 sec, cycled
between +0.5V and -0.75V (vs Ag/AgCl) beginning and ending at +0.17V, in 0.15M
NaCl at a scan rate of 25 mV/sec.
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The peak shaped waves occur because the polymer was attached onto a
macroelectrode where the initial rate of electrolysis exceeds the rate at which
fresh analyte can diffuse to the electrode surface. The reduction and
oxidation peaks are associated with the polypyrrole backbone. The small
capacitive behaviour at positive potentials, +0.5V, has been attributed to
double-layer effects of the large surface area (4cm 2 ) to polymer solution
interface.
PVS polymers with erythrocytes incorporated had CV's similar to PVS
polymers without erythrocytes, Figure 6.9.
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Figure 6.9: Cyclic Voltammograms of polymers (4 cm2) with and without erythroc
incorporated. Polymers, 4 cm 2 , were grown using a current density of 1.5 mAcm~2 for a
time of 10 sec, cycled between +0.6V and -0.8V (vs Ag/AgCl) beginning and ending at
+0.17V.

PVS polymers containing erythrocytes were stable upon repeated cycling in
iso-osmotic solutions, Figure 6.10. Cycling, approximately twenty times,
between the oxidised and reduced forms did not cause deactivation of the
polypyrrole. That is, the peak current remained constant (did not decrease)
in subsequent cycles, despite cycling relatively fast at 50 mV/sec, using this
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potential range. Neither was there an increased CV peak separation
associated with increased resistivity of the polymer.
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Figure 6.10: Twenty consecutive cycles of a PVS polymer containing erythrocyt
polymer, 0.25 cm 2 , was grown using a current density of 5.0 m A c m " 2 for a time of 60
sees, cycled between +0.5V and -0.7V (vs Ag/AgCl) beginning and ending at +0.17V.

6.3.3.2. EQCM
The E Q C M crystal sensitivity was within one standard error of the m e a n of
the predicted theoretical value. Substituting the recorded data from two
calibration runs, Table 6.3, into the Sauerbrey equation (Chapter 2) the
crystal had an average mass sensitivity of 1.046 ± 0.16 H z ng-i (n=18). The
theoretical value, predicted by the Sauerbrey equation, for a 1 0 M H z A T cut
crystal is 0.226 Hzcm 2 ng _ 1 . The crystals have a projected mass electrode area
of 0.25 c m 2 so one would predict an absolute mass sensitivity of 0.904Hzng"1.
The measured average mass sensitivity (1.046 H z ng-1) w a s used to convert
any changes in frequency, observed during E Q C M experiments, into a mass
change (ng).
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Table 6.3: Calibration Data derived from Electrodeposition of Silver
Charge
(mC/V)

Frequenc
y(kHz)

0.5
1.4
2.5
3.4
4.45
5.45
6.55
7.65
8.55

0.43, 0.54
0.99, 1.32
1.72, 2.23
2.60, 3.17
3.65, 4.32
4.66, 5.54
6.08, 7.16
7.48, 8.37
8.68, 9.77

The E Q C M

Blank
(mC/V)

Mass Deposited

F.Charge

Mass

(ng)

(mC)

Sensitivity
(Hz/ng)

0.010, 0.015
469.6, 586.9
0.42, 0.525
0.065, 0.075 1028.6, 1386.3
0.92, 1.24
0.125, 0.150 1783.2, 2325.4 1.595, 2.080
0.165 0.18 2722.3, 3337.2 2.435, 2.985
0.235 0.25 3817.9, 4544.7 3817.9,4.065
0.295, 0.305 4880.1, 5847.1 4.365, 5.23
0.360, 0.375 6394.9, 7585.6 5.72, 6.785
0.425, 0.425 7881.9, 8876.9
7.05, 7.94
0.505, 0.470 9134.4, 10391.8 8.17, 7.94

0.939, 0.852
1.361, 1.009
1.402, 1.075
1.249, 1.019
1.117, 0.979
1.117, 0.932
1.024, 1.158
0.971, 0.862
0.936, 0.823

detects ion m o v e m e n t a n d m a s s transport during redox

reactions. A typical E Q C M graph (Figure 6.11) of a P V S polymer containing
erythrocytes s h o w s a total m a s s increase of 927 n g within the polymer
between +0.30V to +0.50V o n the oxidative cycle and +0.50V to +0.35V (vs
A g / A g C l ) o n the reductive cycle. T h e majority of the mass increase (641 ng)
w a s incorporated o n the oxidative cycle between +0.35V and +0.50V.
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Figure 6.11: E Q C M plot of frequency vs potential of a polymer containing erythrocytes
synthesised using a current density of 0.5mAcnr 2 for 60secs. The polymer was cycled
between + 0.50V to -0.80V(vs Ag/AgCl) beginning and ending +0.17V, at a scan rate of
25 mV/sec, in 0.15M N a N 0 3 . Arrows show direction of scan.
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A mass decrease begins on the reduction cycle at + 0.35V and has returned to
initial levels by -0.20V. A small mass increase of 67 n g w a s noted as the
reduction cycle continued between -0.24 V to -0.70V. There w a s no mass
change as the polymer w a s further reduced between -0.70V and -0.80V.
Reoxidation to -0.50V showed no mass alteration. A slight mass decrease of
26 n g occurred as the polymer w a s reoxidised from -0.50V to the initial
potential, +0.17V.
The cyclic v o l t a m m o g r a m collected concurrently with the E Q C M data,
Figure 6.12, showed the polymer had a reduction potential peak at -0.4V vs
A g / A g C l ; a reduction peak current of 0.064 m A ; an oxidation potential peak
at -0.27V and an oxidation peak current of 0.015mA. The shape of the C V
and the position of the oxidation and reduction peaks agrees with w o r k
done previously. The peak currents are smaller because the electrode area
w a s m u c h smaller, 0.25cm2, compared to 4 c m 2 used previously.

-0.8

-0.8

-0.4

-0.2

0.0

0.2

0.4

Potential vs Ag/ Agd (rolts)

Figure 6.12: The C V of the polymer containing erythrocytes taken concurrently with
E Q C M in Figure E Q C M . Arrows indicate direction of scan.
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6.3.3.3. Resistometry
The resistometer was calibrated and found to be linear over the range 0-100
ohms. The linear relationship between applied resistance and measured
resistance (ohms) was: y = 1.2614 + 0.98834x, R = 1.00.
The change in resistance as the polymer w a s cycled is s h o w n in the
resistogram. A typical resistogram (Figures 6.13) beginning at +0.17 V
showed a low resistance of 0.1 to 1.0 O h m with minimal change on the
forward anodic scan. O n the reverse scan the resistance increased two to
three fold (from approximately 1.0 O h m to 2.5-4.0 O h m s ) beginning at -0.25V
and plateauing around -0.40V. U p o n reoxidation of the polymer, back to the
starting potential, the resistance decreased to initial levels. This was
consistent for P V S polymers containing erythrocytes regardless of the
current density and growth time employed (compare Figures 6.13 & 6.14).
W h e n polymers with P V S as the sole counterion (blanks) were treated
identically, Figure 6.15, resistograms were similar in shape but with slightly
different inflection points. The resistograms show that both erythrocytecontaining and blank (PVS only) polymers become significantly less
conducting in their reduced form.
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Figure 6.13: A typical resistogram of P V S polymers containing erythrocytes synthesised
using a current density of 1.5mAcm- 2 for 10 sees, and cycled in 0.15M NaCl, at a scan
rate of 20 mV/sec.
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Figure 6.14: A typical resistogram of P V S polymers containing erythrocytes synthesised
using a current density of 0.75mAcm- 2 for 30 sees, and cycled in 0.15M NaCl, at a scan
rate of 20 mV/sec.
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Figure 6.15: A typical resistogram of P V S polymer blanks (no erythrocytes) synthesised
using a current density of 0.75mAcm- 2 for 30 sees, and cycled in 0.15M NaCl, at a scan
rate of 20 mV/sec.

6.4

Discussion

Morphological characterisation, that is, assessment of the macroscopic and
microscopic appearance of the polymer and incorporated erythrocytes, w a s
initially d o n e with the naked eye, then the polymers w e r e stained a n d
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viewed via light microscopy (Chapters 4 & 5). In this section of work further
morphological characterisation was performed using A F M , with the view to
ascertain whether intact erythrocyte membrane w a s immobilised into the
polymer w h e n those erythrocytes appeared as either 'holes' or were very
'pale' w h e n viewed using light microscopy.
The images indicated the presence of biconcave discs on the polypyrrole
surface (Figure 6.3) and more importantly the presence of membrane in the
'pale' cells (Figure 6.4). Imaging the erythrocytes however w a s difficult
because they were soft and deformable. To overcome some limitations the
cells were fixed to m a k e the surface more rigid before being imaged by
tapping m o d e (Chapter 2). These images were clear, with distinct features
visible, d o w n to 5nm.
Images of the erythrocytes that appeared as 'holes' after days in storage
(Figure 6.6) still contained sections of membrane.

The rms of a

Tiole'(79.07nm) upon storage was smaller than the rms of a biconcave
erythrocyte (184.82 n m ) but larger than the rms of polypyrrole (52.89nm).
'Holes' observed immediately post sythesis did not contain membrane.
These 'holes' were more likely to have been the result of an erythrocyte
landing on the electrode, then either floating from the surface or being
lysed.

S o m e polypyrrole had been polymerised onto that area of the

electrode because the rms of a 'hole' immediately post synthesis (51.01nm)
was similar to the rms of polypyrrole (52.89nm). Whether the polypyrrole
w a s on the electrode before or after the erythrocyte was present w a s
unknown.
The number of erythrocytes incorporated was measured because to create a
measureable signal there had to be enough antigen sites available to bind to
antibody.

It w a s not k n o w n if the antigens on the underside of the

erythrocytes would be accessible to antibody. The concentration of antibody
needed to be in excess of the number of antigen sites. The greater the
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number of binding reactions that occurred the more chance there would be
of creating a signal that would be strong enough to be measured.
Image analysis indicated twice the quantity of erythrocytes (1.04 x 106cnr2)
being incorporated into the polymer compared to chromium labelling (5.0 x
10 5 cm- 2 ). This m a y have been a direct result of the different techniques used
to quantitate the erythrocyte numbers. Labelling w a s an indication of the
haemoglobin content within the erythrocyte whereas image analysis
reflected manual counting of erythrocytes (both 'pale' cells and intact cells)
in H & E stained polymers areas via light microscopy. The 'paler' cells m a d e
upto approximately 20-25 % of the counts.
Another reason for the difference in results between the two techniques
maybe due to the actual numbers of polymers analysed by each technique.
There w a s significantly more polymers (n=60) analysed by chromium
labelling than w a s possible with the labour intensive image analysis (n=4).
Despite the difference in the absolute numbers of erythrocytes incorporated,
whether xlO 5 or xlO 6 cnr 2 , there would be a sufficient number of antigen
sites available for binding and generation of a signal in the biosensor system
equal to or stronger than the current method of agglutination.

The

m i n i m u m concentration of IgG anti-D detectable by an indirect antiglobulin
test is 0.02 |j,g/ml[20]. So w h e n there is xlO5 or xlO6 cnr 2 erythrocytes present
on the electrode and a sufficient quantity of antibody is added into the
biosensor system, a signal equal to or greater than an indirect antiglobulin
test can be achieved. If the sensitivity of the test system employed is greater
than an indirect antiglobulin test, the minimal concentrations of antibody
required for antigen detection is reduced. For example the enzyme linked
immunosorbent assays (ELISA) are two to three doubling dilution steps
m o r e sensitive than an indirect antiglobulin test[20], which is more
sensitive than agglutination.
The techniques used to quantitate the erythrocytes present in the polymer
demonstrated that although a significant haemoglobin loss w a s occurring
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over time, the quantity of erythrocytes remained constant (4.0 x 10 5 cm" 2
chromium labelling; 1.1 x 10 6 cm" 2 image analysis) w h e n polymers were
stored in raffinose (0.27M) upto 2 - 5 hrs, or fixed in glutaraldehyde (0.16%).
Despite a significant loss of haemoglobin after 22hrs (3 x 10 4 c m " 2
erythrocytes using chromium labelling), A F M images indicated the presence
of erythrocyte membrane still in the polymer matrix. A s long as the antigen
sites remain functional on the erythrocyte m e m b r a n e the loss of
haemoglobin is irrelevant because antibody can still bind to functional
antigens. Antigen functionality is discussed in Chapter 8.
Verification of the presence of erythrocytes and quantitation of the numbers
present in the polymer would not be sufficient to m a k e the direct biosensor
concept a reality. The polypyrrole matrix must have the ability to generate a
direct electrochemical signal that relates to the antigen-antibody binding
events that occur. Electrochemical characterisation techniques were used to
assess the polypyrrole polymers for the potential to produce a signal.
Electrochemical characterisation using cyclic voltammetry showed that after
synthesis the polymers had well defined reduction and oxidation responses
associated with the polypyrrole backbone. The p p / P V S polymers with
incorporated erythrocytes did not produce any additional responses to
p p / P V S polymers without erythrocytes.

The reduction and oxidation

responses were therefore indicative of the p p / P V S polymer response and
did not involve any response from the erythrocytes.
It w a s important to confirm that p p / P V S polymers containing erythrocytes
were stable because future direct signal generation, induced by antigenantibody binding events, m a y not have been distinguishable from changes
in current, resistance or potential due to deactivation of the polymer
otherwise. Polypyrrole films are quite stable and can be cycled indefinitely
between +0.4V and -1.0V (vs SCE)[176]. The p p / P V S polymers containing
erythrocytes were also stable following repeated oxidation and reduction
cycles (Figure 6.10), so changes in electrical signals would not be created
because of deactivation of the polymer.
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Oxidation and reduction responses are the result of ion movement into and
from the polymer matrix as the polymer is switched between its oxidised
and reduced states (redox reaction). The ion movement that occurs during
redox reactions will be influenced by the nature of the anion incorporated
during synthesis[176] and the nature of the cations/anions in the supporting
electrolyte[177].
If the incorporated anions were small and mobile, upon application of a
negative potential, reduction of the polymer backbone to a neutral state
occurs and the anions would be expelled.

Conversely, w h e n positive

potentials are applied the neutral polymer backbone becomes charged and
the small mobile anions would once again be incorporated to maintain
electrical neutrality.

This process of anion expulsion is explained in

Equation 4.1 below, where A" indicates the small mobile anion.
Oxidised

Reduced

Equation 4.1
In polymers with P V S as the sole counterion it has been shown that P V S
remains in the polypyrrole matrix and the amount of P V S hardly changes
regardless of the redox states[178]. P V S and erythrocytes (8 jam) are large
immobile polyelectrolytes, not readily expelled or likely to diffuse from the
polypyrrole matrix. Hence, m o v e m e n t of cation and solvent molecules,
into and from the polypyrrole matrix, become involved in the redox
reaction in addition to anion movement[104].

W h e n the incorporated

counterions are large immobile anions, such as erythrocytes and PVS, there
should be predominantly cation incorporation into the polypyrrole film in
order to maintain electroneutrality.
This cation insertion process during reduction and oxidation can be
explained by Equation 4.2, where P E is the polyelectrolyte PVS, R B C are the
erythrocytes and M the cation.
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Oxidised

Reduced

^P)>E- RBC' ^ V p } ! RBC-M+PEEquation 4.2
The first reduction cycle of the p p / P V S polymers containing erythrocytes
was different to consequent reduction cycles (Figure 6.9). Sodium cations
m a y have been incorporated into the polymer matrix from the cycling
solution (NaCl) to maintain electroneutrality. U p o n oxidation the sodium
cations m a y not have all been expelled because some m a y have been
captured by the negatively charged erythrocytes.

If this occurs, on

subsequent reduction and reoxidation cycles it m a y b e necessary to
incorporate nitrate anions and sodium cations to maintain electroneutrality,
explaining the change in magnitude and position of the reduction peak after
the initial reduction cycle.
The rate of diffusion of ions into and out of erythrocytes m a y have been too
slow to produce any additional responses using cyclic voltammetry, so to
provide further information on the movement of ions upon oxidation and
reduction of the p p / P V S polymers containing erythrocytes electrochemical
quartz crystal microgravimmetry ( E Q C M ) was performed.
The study of ion movement, into and from p p / P V S polymers containing
erythrocytes, as shown by E Q C M , gave unexpected results. The largest mass
increase (927 ng) corresponded to the capacitative portion of the polymer C V
(between +0.35 and +0.50V vs Ag/AgCl). The insertion of sodium cations
would not be expected to occur at these potentials. The reason for this rapid
mass increase is unknown. It was thought that maybe water or a large
quantity of nitrate anions could have been incorporated into the
erythrocytes themselves. Erythrocytes contain anion transporter channels
(Chapter 1) and have vicinal water, that is, water bound to the cell surface,
whose equilibrium m a y have been altered during cycling at these potentials.
The ions or solvent incorporated at these potentials were totally expelled, at
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a slower rate than w h e n they were incorporated, from the polymer or the
erythrocytes, on the subsequent reduction scan by -0.20V.
A smaller mass increase (67 ng) was noted on the reduction cycle between
-0.24 V to -0.70V. This mass increase m a y have been associated with the
incorporation of sodium cations to maintain electroneutrality of the
polymer backbone. During reoxidation of the polymer from -0.80V back to
the initial potential, +0.17V, a slight mass decrease (26 ng) occurred which
m a y have been the expulsion of approximately one third the total number
of sodium cations incorporated.
E Q C M showed that at potentials above +0.30V (vs Ag/AgCl) the p p / P V S
polymers with incorporated erythrocytes behaved differently to what was
predicted. The effect this behaviour would have on the future biosensor
function w a s u n k n o w n , therefore any signal generation would be
performed at potentials below +0.30V, so whatever ion or water was
incorporated would not be a potential interferent in the final signal
response.
Another electrochemical characterisation technique employed was cyclic
resistometry. Cyclic resistometry measures time varying resistance of the
electrochemical system, that includes the polymer resistance, the resistance
of the polymer solution interface as well as the resistance of the bulk
solution.
Polypyrrole doped with inorganic anions is conducting in its oxidised form
and less conducting in its reduced form[49]. The resistograms (Figures 6.13
& 6.14) showed that both erythrocyte-containing and blank (pp/PVS only)
polymers (Figure 6.15) became significantly less conducting in their reduced
form.

This w a s exactly as expected and occurs in similar polypyrrole

polyelectrolyte polymers[112].
Changes in resistance in polyelectrolyte containing polymers are m u c h
lower than in polymers doped with inorganic ions and this has been
attributed to ionic conduction through the high solvent content of
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polyelectrolyte containing polymers[49]. For p p / P V S polymers containing
erythrocytes (1 c m 2 ) , synthesised using a current density of 1.5 m A c m - 2 for
10 sees, there w a s a typical resistance change of between 2.0-4.0 O h m s ,
between the potentials of -0.20V and -0.40V (vs Ag/AgCl) .
Cyclic resistometry w a s performed as the polymer w a s cycled between
potentials of -0.70V and +0.35V(vs Ag/AgCl). The potentials were selected
to exclude the behaviour of these polymers, as shown using E Q C M , between
+0.35V and +0.50V.

Resistometry still characterised the resistance

transitions as the polymer w a s oxidised and reduced, because oxidation of
the p p / P V S polymers containing erythrocytes is completed by +0.20V(Figure
6.9).
Electrochemical

characterisation

of p p / P V S

polymers

containing

erythrocytes demonstrated that the nature of the polymer backbone, the
counterions incorporated during synthesis and the exchange electrolyte used
all effect the oxidation-reduction processes.
6.5. Conclusion
These characterisation techniques showed that incorporating erythrocytes
and erythrocyte membrane (upto 70-72 % of the surface area of the polymer)
into an electrically conducting polypyrrole matrix influenced certain
electrochemical characteristics of the polymer but did not compromise the
ability of the matrix to be continuously oxidised and reduced which was so
very important for the direct signal phase of this work.
The next phase of this work involved showing that the antigens located on
the erythrocyte membranes were still functional w h e n incorporated into the
p p / P V S polymer matrix, then using the biosensor surface to obtain a direct
electrical signal which could be related to antigen/antibody binding events.
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PART TWO
USE OF THE BIOSENSOR SURFACE
FOR BLOOD GROUPING
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CHAPTER 7
INTRODUCTION
7.1. General Introduction
The aim w a s to incorporate intact erythrocytes info the electrically
conducting polymer, polypyrrole, and to determine if A B O and/or Rh(D)
antigen-antibody binding could be detected if the matrix w a s used as a
biosensor. Investigations into the generation of an electrical response due to
the interaction of antigens on the erythrocytes, in the polymer matrix, with
an antibody were carried out. The antibody introduced initially w a s a
purified monoclonal antibody, then naturally occurring antibodies in
h u m a n sera were tested.
Section O n e outlined h o w h u m a n erythrocytes have been successfully
incorporated into an electrically conducting polypyrrole matrix so that they
can function as the biorecognition element of the sensor. This Section n o w
discusses h o w the polypyrrole matrix containing erythrocytes can function
as a transducer for conversion of the recognition event into a signal which
relates to a specific blood group determination.

Before presenting

experimental data (Chapters 8 & 9), Chapter 7 discusses immunoassay
systems then electrochemical signal transduction for an immunobiosensor
that will determine a blood group.
7.2. Immunoassay systems
Immunoassays are quantitative methods of analysis based on the detection
and

measurement

of the antigen-antibody binding reaction[179].

Immunoassay systems have a variety of methods for detecting reactions.
The simplest detection is a visual assessment for semi-quantitative or
qualitative

immunoassays, like

agglutination,

Immunoelectrophoresis or precipitation[180].
instrumentation

include

immunodiffusion,

Signals using various

colourimetry, fluorimetry, turbidimetry,

nephelometry, chemiluminescence, electron spin resonance, neutron
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activation, polarography, atomic absorption spectroscopy, electrochemical
defection methods and various optical sensor detection methods[71].
Traditionally, the assay of species in complex matrices, such as blood, has
been achieved by separation of the sample constituents followed by
identification and quantification of the target analyte. The main trend in
current laboratories has been for the automation of immune-based assays.
Biosensors could promise to provide an alternative to the traditional
approach by being able to discriminate the target analyte from a host of inert
and potentially interferring species.
The development of a direct biosensor would automate blood grouping and,
if successful, be expanded to other antigen/antibody binding assays which
would offer the possibility of real-time, rapid measurements. For example,
blood grouping could be coupled to other immunoassays like syphillis,
hepatitis or H I V testing on one biosensor device that has multi-addressable
sensors. Although blood grouping does not require quantitative evaluation
of the antibody or antigen level because qualitative tests are adequate,
current automated blood grouping tests and most other immunoassays that
take place in laboratories, such as hepatitis or H I V testing, use relatively
expensive equipment. The possibility of developing this biosensor offers
the potential to measure antigen-antibody binding, on a number of different
assays, directly with no label required. A result could be available in
minutes, not hours, using relatively inexpensive equipment.
7.3. Immunobiosensor Signal Transduction
A s outlined in chapter one, a biosensor consists of a biological recognition
element, connected or integrated with a transducer.

The transducer

converts the biological signal into a physical signal that can be detected,
processed, analysed and displayed. That is the transduction mechanism is
responsible for the response function of the biosensor as it provides the
output signal that relates to the target analyte in the sample.
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Electrochemical biosensors differ from other biosensors in that the
biointeraction process generates or consumes electrochemical species which
produce an electrochemical signal measureable by an electrochemical
detector. Depending on the electrical property measured by the detector
system, electrochemical biosensors are further categorised, as discussed in
chapter one.

For example, into potentiometric, amperometric

and

conductimetric biosensors.
The aim in using polypyrrole, was to develop an electrical signal via the
polypyrrole, which has high electronic conductivity because it is a nconjugated polymer with delocalised electronic states. Polypyrrole would
facilitate electron transfer from

the biorecognition elements, the

immunocomplex, to the electrode surface. Electrical signals are in a form
suitable for direct processing and can be monitored at low levels enabling
the development of sensitive detection systems.
The biorecognition elements of the reverse grouping biosensor (where
erythrocytes are incorporated into the polypyrrole) are the antigens and the
antibodies which are responsible for the selectivity and specificity of the
biosensor. The very nature of the antibodies and antigens are so specific in
their formation of the antigen/antibody immunocomplex that they provide
the sensor with the ability to respond primarily to only one species in the
presence of other species. The biorecognition elements are required to be in
intimate contact with the polypyrrole so that the biosensor can transduce
any antigen/antibody binding into a measureable electrical signal.
The biosensor w a s designed so that the sensing element, the erythrocyte,
was incorporated directly into the conducting polypyrrole matrix attached to
the electrode.

Thus the immunocomplex, located on the erythrocyte

m e m b r a n e , w a s adjacent to the polypyrrole or not far above the polymer
surface.

The polypyrrole matrix therefore immobilised the biological

component, imparting biocompatibility to the biosensor, and w a s the
physical transducer used to transform the binding event into a primary
electrical signal.
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For blood grouping, the biosensor is used in a liquid m e d i u m where the
interaction with the sample, and the generation of the primary signal can
take place at the surface, in the bulk solution or at both places.

When

electroactive polymers,like polypyrrole, are electrochemically or chemically
perturbed a current is produced. A s mentioned briefly in Chapter O n e the
resulting current can arise from:
(i) oxidation and reduction of the polypyrrole itself
(ii) a change in the polypyrrole conductivity
(iii) a change in the conductivity of the supporting electrolyte
(iv) a capacitative current
(v) a change in current flow due to continuous changes in the electrical
potential of the system, or
(vi) an alteration in ion m o v e m e n t into and from the polypyrrole matrix.
Direct detection can be limited by several factors: the affinity of the antigenantibody complex; high molecular weight analytes such as proteins;
diffusion kinetics at low analyte concentrations; susceptibility to interference
from non-specific adsorption and if the bio-reaction complexes are buried
then direct transfer from that active site to the electrode surface is unlikely.
For example, in amperometry the rate of the reaction is influenced by the
potential, the nature of the electrode metal and the operating conditions.
Reactions products, analytes and the electroinactive organic surfactants can
be adsorbed onto the electrode surface. This results in fouling of the
electrode surface, reducing the response of the electrode and increasing the
noise[86]. The electrode will also oxidise any other species present in the
solution that are oxidisable at that specific working potential[181].
Indirect electron transfer signals can be obtained from processes arising from
the product of e n z y m e reactions[182].

An

indirect amperometric

immunosensor, based on a non-competitive sandwich assay and flow
injection analysis (FIA) has already been developed for the detection of
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h u m a n red cells[183]. In this study, blood group specific monoclonal IgM,
which binds to the blood group associated antigen on the red cell, w a s
chemically coupled to an electrode surface. The presence of red cells were
then determined electrochemically after enzyme labelled antibody was
bound to the captured red cells. The electrochemical detection was based on
amperometric monitoring of the electrochemical reduction of an oxidised
mediator.
A s an intermediate approach, before development of the direct biosensor, it
w a s decided to develop an immunoassay (ELISA) with an indirect
electrochemical detection. The assay w a s initially used to demonstrate the
activity of the antigen within the polymer matrix (Chapter 8), and be a
'stepping stone' to direct electrochemical detection (Chapter 9).

It w a s

subsequently used as an alternative assay in parallel with the biosensor to
enable validation of the primary signal.
In an ELISA for reverse grouping, the analyte being assessed, that is the
antibody in solution, is conjugated to an enzyme. If the antibody is bound to
the complementary antigen immobilised in the polymer the enzyme is free
to react with a substrate and the product of this reaction can be measured
photometrically or electrochemically.
The indirect or mediated techniques are more cumbersome because they
require washing steps [76] so do not provide the rapid response time required
for use in laboratories for patient care. This intermediate system however
allowed for investigation of any effects that possible interferences, present in
the test specimen matrix, serum, have in an electrochemical system. The
development of an ELISA also provided a method to which results of the
direct biosensor could be correlated.
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CHAPTER 8
EVALUATION OF ANTIGEN INTEGRITY BY ELISA
TECHNIQUES
8.1. Introduction
Integrity of the erythrocytes w a s monitored at each step of biosensor
construction including washing, in the m o n o m e r solution, in the polymer
matrix and after signal generation w a s completed.

In solution the

erythrocyte integrity w a s assessed using oximetry (Chapter 4) whilst in the
polymer matrix morphological characterisation of erythrocytes w a s done
after fixation by light microscopy (Chapters 4 & 5) and A F M (Chapter 6). The
functionality of the antigens located on the erythrocyte membrane was then
ascertained in this part of the work.
Analysis of the integrity of the Rh(D) antigen on the erythrocytes was carried
out, in both pre and post polymerisation solutions, using standard
agglutination techniques. A photometric (PM) and an electrochemical (EC)
enzyme linked immunosorbent assay (ELISA) were developed, then used to
determine the integrity of the antigens, Rh(D) and A, on the erythrocytes
within the polymer matrix.
The initial steps of both electrochemical and photometric ELISA assays were
identical and based on standard techniques[184] but modified for
performance on a disc of polymer, inserted into a polystyrene well. The aim
was to develop ELISA techniques so that the immunocomplex could be
detected w h e n a secondary antibody conjugated to an enzyme reacted with
the immunocomplex.

The immunocomplex w a s formed by blood group

antigens, on the erythrocyte contained within the polymer, reacting with the
corresponding blood group antibody. The enzyme label could then be
detected either photometrically or electrochemically after addition of an
appropriate substrate.
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8.1.1. Photometric ELISA
A positive photometric reaction will occur if alkaline phosphatase, present
on the secondary antibody, splits the phosphate group from the colourless pnitrophenol phosphate (pNPP) to form free p-nitrophenol (PNP) which is
also colourless, until converted, under alkaline conditions, to the pnitrophenoxide ion which assumes a quinoid structure with an intense
yellow colour, Schematic 8.1. In a negative reaction the substrate remains
unchanged, that is, colourless because no alkaline phosphatase is present in
the system.
Schematic 8.1: Photometric ELISA assay
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8.1.2. Electrochemical ELISA
Electrochemical ELISA w a s viewed as the stepping stone before direct signal
detection. The application of an appropriate fixed potential, in this instance
+0.25 Volts, between the reference (Ag/AgCl) electrode and an indicating
glassy carbon electrode, allows one to measure any generated current w h e n
an electroactive product, p-aminophenol (PAP), is oxidised at the glassy
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carbon electrode, Schematic 8.2. The glassy carbon electrode transduces the
electrochemical oxidation into a cathodic current.

This current is indicative of a positive antigen-antibody binding because it

a quantitative expression of the rate at which electrons are moved across the

electrode-solution interface and is directly related to the rate of the bind
event. Some features which influence the current signal include: the
electrode surface area, the reactant concentration, the temperature, the
viscosity of the solution and the applied potential. If all these variables
kept constant intra-assay, the current generated will be proportional to the
concentration of the reaction or antibody in this instance.

Schematic 8.2. Electrochemical ELISA assay
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The sensitivity of each ELISA is influenced by the concentration of reactants,
the concentration of the antibodies used, the concentration of the detector
substrate, the incubation times and temperatures and the choice of product
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detection system. Although there are solid phase systems used for blood
grouping there are no ELISA techniques currently available for use to obtain
a blood group on erythrocytes, especially erythrocytes incorporated into
polymers, because they have previously been rejected as too slow and labour
intensive.

However, as an electrochemical ELISA w a s viewed as the

stepping stone before direct signal detection in this work an ELISA
technique w a s developed where optimisation of those factors which
influence the sensitivity of both the photometric ELISA and the
electrochemical ELISA w a s necessary prior to use. In the experimental
section below s o m e of those optimisation steps involved in the
development of those assays are described. For example, the time course for
colour development in the photometric ELISA; pretesting the synthesised paminophenol phosphate (pAPP) substrate and determining the behaviour
and linear concentration range of the product, p-aminophenol (PAP), in the
experimental electrochemical system.
For the integrity of the erythrocyte to remain uncompromised the type of
buffer used, the p H and concentration of that buffer and the type of blocking
reagent which would prevent non-specific binding of antibodies to the
polymer and/or the polysytrene ELISA wells were also investigated.
Nonionic detergents are more commonly used in ELISA blocking steps but
as erythrocytes are haemolysed by relatively low concentrations of these
detergents they were not able to be used in this system. The aim in using
blocking reagents is to achieve as low a background as possible so as to
maximise the ratio of the response between positive reactions and
background noise. Background levels less than 0.1 O D are desireable[185].
Appropriate chequerboard titration of both the primary and the secondarylabelled antibodies were undertaken so as to maximise the response of the
positive reaction. These titrations can only be verified by trial and error as
they will differ depending on the application and the assay format. The
results of every chequerboard undertaken to develop the ELISA techniques
cannot be shown in the context of this thesis, as space does not allow, but the
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optimal concentrations derived by these chequerboard experiments are
listed in the experimental section.
The electrochemical ELISA was also invaluable in assessing h o w h u m a n
sera performed in an electrochemical setup, prior to development of a direct
electrochemical sensor. H u m a n sera contains naturally occurring A B O
antibodies (Chapter One), which are mostly IgM in nature. Other antibodies
in sera derived from i m m u n e responses are more often IgG in nature[186].
It was therefore important w h e n replacing IgG monoclonal antibodies in the
test system with h u m a n sera that the enzyme labelled secondary antibody be
anti-IgM or an anti-IgG that has anti-IgM specificity. Hence, further
checkerboard experiments using h u m a n sera as the primary antibody and an
enyzme labelled anti-IgM secondary antibody were undertaken.
8.2. Experimental
8.2.1. Standard reagents and solutions
The enzyme label was alkaline phosphatase, the cofactor magnesium, the
buffer tris(hydroxymethyl)aminomethane(TRIS) m a d e isotonic with NaCl
(lOOmM) (TB) and the blocking reagents goat immunoglobulin (IgG) and
skim milk powder. The substrate for the photometric reactions was pnitrophenyl phosphate (pNPP) (Sigma) and for the electrochemical reactions
p-aminophenol phosphate (pAPP). p A P P was synthesised, at Wollongong
University, using a published method[187], except the reaction was left for
three days under hydrogen at room temperature. The final product, pAPP,
was characterised by N M R and found to be a single product. It was stored
under nitrogen at -20 °C.
The primary antibody for 'D' antigen detection was h u m a n anti-D FLOS2
monoclonal antibody (IgGl) ( G A M M A Biologicals, Houston, TX) diluted to
250jLig/ml in TB p H 7.8 containing 1 % goat IgG; whilst for 'A' antigen
detection a mouse anti-A monoclonal antibody (IgG3), G A M M A 111 affinity
purified, ( G A M M A Biologicals, Houston, TX) diluted to 800 |ig/ml (1:3000 x
2.4 m g / m l ) in TB p H 7.8 containing 1 % goat IgG.
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The secondary antibody for 'D' antigen detection w a s an alkaline
phosphatase-labelled, affinity-purified, goat anti-human IgG antibody
(Kirkegaard & Perry laboratories, Gaithersburg, M D ) (diluted 1:1000 in TB p H
7.8 containing 1 % goat IgG) and for 'A' antigen detection alkaline
phosphatase-labelled, affinity-purified, goat anti-mouse IgG antibody
(Kirkegaard & Perry laboratories, Gaithersburg, M D ) (diluted 1:3000 in TB p H
7.8 containing 1 % goat IgG).

The dilutions of primary and secondary

antibodies were determined by standard checkerboard ELISA experiments.
8.2.2. Instrumentation
All ELISA washings were performed using a mechanical washer (Sanofi,
France) and optical densities read on a multi-well plate reader (Sanofi).
A C V 2 7 voltammograph (Bio Analytical Systems (BAS), Lafayette, P A ) was
used to obtain all voltammetric and amperometric data with the data
collected on a MacLab using Chart 3.2 software (ADInstruments, Sydney,
Australia) and an Apple Macintosh computer. Data was analysed using Igor
software (Wavemetrics, Lake Oswego, OR).
8.2.3. Photometric ELISA
Polymer discs ( 6 m m diameter) were cut and placed into standard
polystyrene ELISA wells. These discs, for detection of anti-Rh(D), were
blocked with an aliquot (150 JJ.1) of 1 0 % v/v goat IgG in iso-osmotic
phosphate buffer[17] (PB) to prevent non-specific binding. Polymer discs, for
detection of anti-A, were blocked with an aliquot (150 |Lil) of 1 % w / v skim
milk powder in PB. Polymers and control wells (see below) were incubated
in aliquots (lOOjxl) of primary antibody anti-Rh (D) or anti-A, then in
secondary antibody, alkaline phosphatase-labelled goat anti-human (1:1000
dilution) or anti-mouse IgG antibody (1:3000 dilution), for 30 minutes at
room temperature with washings between incubations. All washings were
performed thrice using 0.1M TB p H 7.8 unless stated otherwise. To detect
alkaline phosphatase activity, the polymers were washed in 0.1M TB p H 9.8
before incubating in an aliquot (lOOjll) of p N P P (3 m M ) in 0.1M T B p H 9.8
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containing Mg(NOs)2 ( I m M ) for 30 minutes at room temperature. This
solution was taken from the well containing opaque polymer into an empty
well so that the optical density could be measured. Stop solution, N a O H
(1.5M), w a s added and the optical density was then measured at a fixed
wavelength (405nm).
Polymers

were

removed

after each

wash

step

and

examined

macroscopically, fixed, stained with H & E (Chapter 2) then examined
microscopically to monitor the erythrocyte integrity after mechanical
washing.
8.2.3.1. Time Course for Colour Development in Photometric ELISA
Tris buffer (TB) p H 7.8 and two concentrations of secondary antibody,
alkaline phosphatase goat anti-mouse ( G A M - A P ) , 1:3000 and 1:1500 in TB
p H 7.8 were adsorbed, in triplicate, onto a polystyrene plate for 30 mins at
room temperature. The plate was washed three times in TB p H 7.8 then
incubated in an aliquot (lOOul) of p N P P (3 m M ) in TB p H 9.8 containing
Mg(NOs)2 (ImM). Absorbance at 405 n m was recorded every 30 sees until 30
mins w h e n the reaction was stopped using an aliquot (lOOul) of N a O H
(1.5M). The optical densities (OD) were averaged then plotted against time.
8.2.3.2.

Optimisation of Reagent Concentrations and pH

The e n z y m e concentration, the substrate concentration, the buffer
concentration and p H were optimised.

TB at pH8.9 and pH9.8 in

concentrations 0.1M and 1.0M were tested. A series of dilutions of p N P P
substrate (lx 10-5,1x10-4, 2x10-4, 4x10-4, 8x10-4,16x10-4, 32x10-4a nd Ixl0-3M) in
each T B were prepared and an aliquot (250ul) of each dilution added to (i) a
reaction tube (ii) a blank control. A n aliquot (250|il) of alkaline phosphatase
goat anti-mouse ( G A M - A P ) (1:10 000) in TB pH9.8 containing M g ( N 0 3 ) 2
( I m M ) was added to the test whilst an aliquot (250ul) of TB was added to the
control tubes. The tubes were reacted for 2 mins at room temperature then
stopped using an aliquot (IOOLII) of N a O H (1.5M). The blank controls were
subtracted from the reaction tubes then the reciprocal of the optical densities
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(OD) were plotted against the reciprocal of the p N P P concentration in a
Lineweaver-Burke plot. From this plot the K m and V m a x of the reaction
were obtained.
8.2.4 .Electrochemical ELISA
The photometric assay was converted to an electrochemical endpoint. The
electrochemical work was performed in a cuvette 1cm x 5cm, with a
working volume of 0.5-1.0ml. A glassy carbon working electrode ( 3 m m
diameter) was employed in conjunction with a reticulated vitreous carbon
(RVC) auxiliary electrode (1cm x 4cm) and a A g / A g C l reference electrode.
The glassy carbon electrode was soaked in nitric acid (15%) for 3 mins, rinsed
in distilled water, polished then rinsed once more in distilled water after
each measurement.
Immediately after the reaction solution was removed for photometric
detection an aliquot (IOOJLLI) of 0.1M TB p H 9.8 was added to the wells until
electrochemical detection. For electrochemical detection this buffer was
removed from the well, then an aliquot (lOOirl) of freshly prepared p A P P (8
m M ) in 0.1M TB p H 9.8 containing M g ( N 0 3 ) 2 ( I m M ) was added to the wells
for 5 mins at room temperature. Meanwhile, a baseline reading was taken
in the electrochemical cell, with an aliquot (250ul) of buffer (0.1M TB p H
9.8), containing a glassy carbon electrode held at +0.25V (vs Ag/AgCl).
Aliquots (2 x lOOul) of p A P P were then added to the electrochemical cell and
the resulting oxidation current of P A P , generated over 30 sees, measured
amperometrically. The current was integrated to quantitate the charge
generated.
8.2.4.1. Electrochemical behaviour of the synthesised substrate, paminophenol phosphate (pAPP)
Cyclic voltammetry was used to examine the electrochemical properties of
the synthesised p A P P . A n aliquot (500ul) of p A P P ( 8 m M ) in TRIS p H 9.8
containing M g ( N O s ) 2 ( I m M ) was added to the electrochemical cell and
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cycled, at 20 mV/sec, between +0.80V and -0.40V beginning and ending at
0.0V.
8.2.4.2. Electrochemical

behaviour of the product , p-aminophenol (PAP

Cyclic voltammetry was used to examine the electrochemical properties of
the product of the enzyme reaction, PAP. A n aliquot of P A P (lOmg) was
dissolved in an aliquot (300 jll) of methanol. From this solution an aliquot
(IOJJI)

was diluted into TB p H 9.8 (990uT). The P A P (3.05mM) was then

placed in an electrochemical cell and cycled, at lOOmV/sec, between +0.50V
and -0.40V beginning and ending at 0.0V.
8.2.4.3. Calibration of the Electrochemical

ELISA

A standard curve was prepared where the average current generated was
plotted against the concentration of PAP. Dilutions of P A P (0.0, 0.03, 0.061,
0.153, 0.305, 0.610 and 1.22 m M ) were m a d e in 0.1M TB p H 9.8. A n aliquot (1
m L ) of each concentration was added to the electrochemical cell where a
glassy carbon electrode was held at 0.0V then stepped to +0.25V. The current
generated was recorded. The procedure was repeated on three consecutive
days with fresh reagents.
8.2.4.4. Signal to Noise ratio
Blank polymers, p p / P V S , and

polymers containing erythrocytes,

p p / P V S / R B C , grown for 1.5 m A c m - 2 for 10 sees then fixed in 0.16%
glutaraldehyde/phosphate buffer were cut and inserted into polystyrene
wells. A n ELISA was performed on these polymers as described earlier with
the following reagents used in the blocking step prior to the addition of
primary antibody: (i) 10%v/v goat IgG in PB p H 7.4, (ii) 10%v/v B S A in PB
p H 7.4, (iii) l % w / v skim milk powder in PB p H 7.4 and (iv) 0.5% w / v
gelatin in P B p H 7.4. A ratio was then calculated between the positive
signal, using the p p / P V S / R B C , and the background signal, using the
p p / P V S polymer. The reagent that produced the highest signal to noise
(background) ratio for both the photometric and electrochemical ELISA was
used in subsequent assays.
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8.2.5. Antigen integrity in Solution: Agglutination
Analysis of the integrity of the R h (D) and A B O antigens on the erythrocytes
was carried out, in both pre and post polymerisation solutions, using
reagents and standard agglutination techniques, as described previously
(Chapters 2 & 3). Numerical values (scores) were assigned to the reactions.
8.2.6. Antigen integrity in Polymer matrix: ELISA
ELISA tests with both photometric and electrochemical detection were
performed as outlined above. All Rh(D) determinations were from
duplicate assays on polymers grown at 0.75 m A c m " 2 for 0.5 min and used
fresh, after reagent blanks had been subtracted.

The polypyrrole/PVS

polymers containing either Rh(D) positive or Rh(D) negative erythrocytes
were then compared with polypyrrole/PVS polymers that did not contain
erythrocytes.
(Note: As mentioned previously fixation of the erythrocytes in the polymer matrix
destroyed the 'D' antigen reactivity, so the polymers, all synthesised at 0.75 mAcm~2 for
30 sees, were used fresh).
A ' antigen determinations were from duplicate assays on polymers, grown
either at (i) 0.75 m A c m - 2 for 30 sees, rinsed in 0.15M NaCl then fixed in
0.15% glutaraldahyde in PB (ii) 1.5 m A c m - 2 for 10 sees rinsed then stored in
0.27M raffinose or (iii) 1.5 m A c m - 2 for 10 sees rinsed then fixed in 0.15%
glutaraldahyde in PB, after reagent blanks had been subtracted.

Blank

responses using polymers with no erythrocytes (pp/PVS/sue) were analysed
concurrently with polymers containing different A B O group (group A, A B
and O ) erythrocytes (pp/PVS/suc/RBC). Statistical comparison of all results
was performed by using a two-tailed unpaired t-test.
(Note: when the ELISA assays were undertaken it was not known how important to the
results was the presence or abscence of the 'holes' described in section one of the thesis.
To maximise the number of intact pink erythrocytes in the polymer, thereby maximising
the amount of A' antigen available for detection by ELISA, some polymers were first
fixed).
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8.2.7. Antigen Detection using Serum
Agglutination and ELISA with electrochemical detection were performed as
outlined above. Ten donor sera obtained from h u m a n blood replaced the
primary monoclonal antibodies, anti-A and anti-Rh(D), in the assay. After a
preliminary series of checkerboard experiments, each sera was diluted 1:40
in l%goat IgG in 0.1M T B p H 7.8 and the alkaline phosphatase labelled antih u m a n I g M antibody (DIASTAT, Shield Diagnostics Ltd, Dundee, Scotland)
was diluted 1:4 in 0.1M TB p H 7.8.
D u e to the availability of donor blood collected under ethics approval
polymers were synthesised at 1.5 m A c m - 2 for 10 sees using (i) group A
erythrocytes and (ii) group A B erythrocytes. Both group A and group A B
polymers were reacted with group O sera (n=5), group A sera (n=2), group B
sera (n=2) and group A B serum (n=l).

Each serum w a s tested on a

m i n i m u m of 2 polymers. S o m e sera were tested on as m a n y as 10 polymers.
(NB: If group B erythrocytes were available they would have been used in this
experiment as stronger reactions would have been expected because in comparison group
A B erythrocytes may have quite low levels of B antigens).
8.3. Results
The ELISA technique, with either photometric or electrochemical detection,
that w a s based on standard techniques, but developed to incorporate a
polymer disc containing h u m a n erythrocytes, successfully and consistently
measured antigen-antibody binding events.
Mechanical washing of the polymers during the assay did not rupture or
destroy the erythrocytes incorporated. Macroscopically, the polymers were
generally in good condition with only an occasional small scratch on the
polymer surface. Microscopically, the erythrocytes within the polymer
matrix remained unchanged.
Preliminary experiments were carried out using normal goat serum to
prevent non-specific binding because the secondary antibody was raised in a
goat, however, a high background (OD's between 0.120 and 0.175) resulted. It
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w a s found that normal goat serum contained alkaline phosphatase, 138
IU/L, which contributed to these high backgrounds.

Goat IgG w a s

substituted for normal goat serum for all the Rh(D) determinations and the
background O D dropped to 0.032.
A test using alternative blocking reagents showed skim milk powder to be a
more effective blocking reagent, Table 8.2. A positive antigen/antibody
binding reaction w a s approximately five times the background w h e n the
blocking agent w a s skim milk powder in iso-osmotic phosphate buffer. The
same positive responses were just double the background w h e n goat IgG
was used. Skim milk powder was therefore used as the blocking agent in all
subsequent ELISA reactions as this was thought to be the most effective
m e a n s to minimise non-specific binding in both photometric and
electrochemical detection ELISA.

Table 8.2: Signal: Noise ratios in PM and EC Assays as a function of block
Blocking reagent

Photometric
Positive: blank

Electrochemical
Positive: blank

1.8
4.1
4.9

1.4
2.8
5.6

3X>

L5

goat IgG
BSA
skim milk/ phosphate
buffer
gelatin

8.3.1. Development of an ELISA with a Photometric Endpoint
Each antigen-antibody incubation step of the ELISA was set at 30 mins. At 30
mins the O D of the reaction using G A M - A P (1:1500) was three times higher
than the blank reaction(TB).

The O D of the reaction using the lower

concentration of G A M - A P (1:3000) was double that of the blank, Figure 8.1.
The O D of the blank reaction, using TB, remained constant throughout the
incubation time.
In ELISA the aim is to maximise the ratio of the response between positive
reactions and background noise hence incubation times were not shortened
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to less than 30 mins. The incubation time was not extended beyond 30 mins
because of practical reasons (both a photometric ELISA and electrochemical
ELISA had to be performed on the same day). Lengthening the incubation
steps further m a y also lead to a concommitant increase in non-specific

binding.
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Figure 8.1: Colour Development of alkaline phosphatase labelled goat anti-mouse in
pNPP (3mM).

In the assay isotonic Tris buffer(TB) p H 9.8 (0.1M) was used to dilute alkaline
phosphatase labelled antibodies. To determine the optimum concentration
(0.1M or 1.0M) and p H (8.9 or 9.8) of TB, Lineweaver-Burke plots were
prepared, Figure 8.2. From these plots the K m and V m a x for each of the
buffers (0.1M or 1.0M) were calculated, Table 8.1.
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Table 8.1: K m and V m a x of alkaline phosphatase calculated from the Lineweaver-Burke
plot
TRIS Buffer
concentration (M)
0.1
0.1
1.0

Km

pH
TRIS buffer

(x 10- M)

Vmax
(ODunit/min/
enzyme mass)

8.9
9.8
9.8

3.15
2.73
6.34

0.348
0.868
0.852

4

l/[pNPP] xl0-4 M

Figure 8.2: Lineweaver-Burke plot for 0.1M TRIS and 1.0M TRIS

The affinity of the enzyme alkaline phosphatase for the substrate pNPP was
lowest (Km=6.34xl0- 4 M ) using 1.0M TB. The erythrocytes also haemolysed
during the reaction with 1.0M TB. Haemolysis of erythrocytes destroys the
binding ability of antigens present on the surface so cannot be used for this
application. The erythrocytes haemolysed because 1.0M T B w a s not isotonic
(the osmolality of the buffer w a s later measured to be 1048 mosmol).
The K m of 0.1M T B at p H 8.9 and p H 9.8 were similar (3.15xl0'4 and 2.73xl0"4
M ) . At substrate concentrations at least 10 times the K m (3xlO'4M for 0.1M
T B p H 9.8) zero order kinetics will be maintained with respect to the
substrate concentration[132]. Therefore the concentration of substrate p N P P
to be used in the photometric ELISA w a s set at 3 m M .

190

T h e V m a x w a s highest w h e n either 1.0M T B p H 9.8 (0.852) or 0.1M T B pH9.8
(0.868) were used. Dropping the p H to 8.9 caused the V m a x to decrease b y
m o r e than half (0.348). That is there w a s a higher rate of reaction, w h e n
using an alkaline phosphatase labelled antibody, at p H 9.8 than p H 8.9,
resulting in a higher O D for any positive reaction in the test system.
Therefore, the buffer to be used in the ELISA techniques is 0.1M T B p H 9.8.
8.3.2. Development of an ELISA with an Electrochemical Endpoint
T h e cyclic v o l t a m m o g r a m obtained for oxidation of the synthesised
substrate, p-aminophenol phosphate (pAPP), Figure 8.3, corresponded to the
cyclic v o l t a m m o g r a m s reported in the literature[71].
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Figure 8.3: Glassy carbon detection of p-aminophenol phosphate in TRIS p H 9.8
containing Mg(N03)2 (ImM). Scan rate was 20 mV/sec.

T h e cyclic v o l t a m m o g r a m obtained for oxidation of the product paminophenol ( P A P ) s h o w e d chemically reversible behaviour w h e r e the
oxidation and reduction peaks were of near equal magnitude, Figure 8.4.
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Figure 8.4: Glassy carbon detection of p-aminophenol (3.05mM) in TRIS buffer pH 9.8
(0.1M). Scan rate lOOmV/sec.

These results confirmed that the substrate p-aminophenol phosphate was
not electroactive in the potential range where the product p-aminophenol
was electroactive.
Short incubation times (<15mins) were required when p A P P was used as
the substrate because after 15 mins the p A P P solution had turned a brown
colour, indicating oxidation of the p A P P at p H 9.8 had occurred.
The amount of current generated at +0.25V (vsAg/AgCl) was found to be
proportional to the concentration of P A P present, therefore to the quantity
of antibody bound to the antigen in the polymer. The standard curve,
Figure 8.5, was linear in the range 0-1.22 m M PAP.
After the conditions to be used had been established, ELISA with
electrochemical and photometric detection were employed to demonstrate
the activity of the antigen in the polymer matrix. Analysis of the antigen
activity w a s performed

on the erythrocytes in the pre and post

polymerisation solutions, using agglutination, to ensure functional antigens
were present prior to incorporation.
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y = - 3.2444e-2 + 3.1963X

R*2 = 1.000

current (|iA)

1.5

p-aminophenol (mM)

Figure 8.5: The linear relationship between the generated current and the P A P
concentration.
8.3.3. ABO

grouping & Rh(D) grouping (in solution)

Antigenic activity of the 'A' and 'D' antigens w a s maintained on the
erythrocytes in the bulk solution, in the presence of pyrrole and PVS, before
and after application of oxidising conditions used for the synthesis of
polypyrrole.
In pre and post polymerisation solutions, the agglutination reaction w h e n
anti-A and anti-AB were added to the 'A' cells (n=8), were strongly positive
(score 12). A negative agglutination reaction (score 0) w a s recorded, with
both pre and post solutions, for the A ' cells incubated with anti-B. 'A' cells
do not contain the 'B' antigen so therefore 'A' cells do not bind with 'B'
antibody.
In pre and post polymerisation solutions, the agglutination reaction w h e n
anti-D w a s added to the Rh(D) positive cells (n=8), was also strongly positive
(score 12). A negative agglutination reaction (score 0) w a s recorded, with
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both pre and post solutions, for the Rh(D) positive cells incubated with a
Rhesus negative control. (Data not shown).

8.3.4. Rh(D) antigen detection in the polymer matrix
8.3.4.1. Photometric ELISA for the Detection of the 'D' antigen
Photometric ELISA test results are s h o w n in Table 8.3. The 'D' antigen in
the erythrocyte m e m b r a n e on the conducting polymer composite w a s still
antigenically active. Polymers containing erythrocytes had optical densities
three times higher than the polymers without erythrocytes. This difference
being highly significant (p< 0.0002).

Table 8.3: Photometric Results: Polymers (pp/PVS/sucrose) with and without R
positive erythrocytes tested against anti-Rh(D) IgG (1: 4000 dilution).
R h group of erythrocytes in the Optical Density (OD)
polymer (nP), (nD)
± SEM
Rh(D) positive erythrocytes
(28) (9)
N o erythrocytes (5)

unpaired t-test
versus Rh(D) Positive
erythrocytes

0.448 ± 0.027

NA

0.164*0.029

p< 0.0002

Legend:
nP = number of polymers evaluated
n D = number of donors evaluated

Polymers containing R h ( D ) positive erythrocytes, regardless of the A B O
group were significantly different to polymers containing either no cells or
R h ( D ) negative cells, with the exception that one of the two 'B' R h ( D )
positive donors gave consistently false negative results (three polymers
were synthesised from this donor's blood) using ELISA with photometric
detection, Table 8.4. In theory a Rh(D) positive donor contains the 'D'
antigen so should be significantly different to a Rh(D) negative donor which
does not contain the 'D' antigen. The A B O grouping of the erythrocytes
should be entirely independent of the Rh(D) grouping. That is, regardless of
whether group O , group A or group B erythrocytes were incorporated as
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long as the erythrocytes w e r e R h ( D ) positive the reaction b e t w e e n the R h ( D )
antigen a n d anti-Rh(D) w o u l d b e expected to b e significant.
Note: The group B Rh(D) positive blood had been stored at 4°C for 3 days prior to use. To
confirm the group B Rh(D) positive donor still contained antigenical active 'D' the erythrocytes
were titrated against commercially available polyclonal/monoclonal blend IgG/IgM anti-D ( G A M M A
Cat N o 4-202) and monoclonal blend IgG/IgM anti-D ( G A M M A Cat N o 7-202). The results gave a
positive binding of anti-D with the Rh(D) positive antigens on those erythrocytes [titres: 2
monoclonal blend and 8 poly/monoclonal blend]. The reason why those same Rh(D) positive
erythrocytes did not give a significantly different result to the Rh(D) negative cells, when reacted
with a monoclonal IgG anti-D, in the photometric ELISA assay is unclear, especially as the
electrochemical ELISA assay, performed on the same polymer segment, did give a significantly
different result (see over).
Another collection of the s a m e blood was not possible as the blood was collected anonymously,
although the patient was venesected because they had polycythemia rubra vera. It was not
known if the patient had an immune mechanism suppressed by drugs or disease (some
polycythemia patients develop leukaemia). To investigate this result further, fresh blood from
this donor would be required and another set of reactions using this s a m e donor would be
undertaken, along with a history of medication and disease progression.
This donor sera also gave an atypical reaction towards the A antigen. The erythrocytes of a
group A donor w a s reacted with the sera of this group B patient. The anti-A in the group B
donors serum gave a lower than expected reaction with the group A erythrocytes incorporated
into the polymer matrix (score 0 at a titre of 2 against the group A cells which were subsequently
incorporated into the polymer, whereas the other group B serum gave a score 10 at titre 2).
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Table 8.4: Photometric results from polymers (pp/PVS/sucrose) containing different A B O
and R h blood group erythrocytes (RBC's) tested against G A M M A anti-Rh(D) IgG (1:
4000 dilution).
Blood group of RBC's in
pp/PVS/sucrose polymer
(nP), (nD)

Mean Optical
Density (OD)

A ' Rh(D)Positive (10) (2)
'B* Rh(D)Positive (6) (2)
'O' Rh(D)Positive (12) (5)
N o cells present (5)
'O' Rh(D)Negative (12) (2)

0.54 ± 0.03
0.21± 0.02
0.49 ± 0.02
0.16 ±0.03
0.33 ± 0.01

±SEM

unpaired t-test vs unpaired t-test vs
'O'Rh(D)
blank (no cells)
negative cells
p<0.0001
0.05<p<0.06
p<0.0001

p<0.0001
0.05<p<0.208
p<0.0001

NA
NA

NA
NA

8.3.4.2. Electrochemical ELISA for the Detection of the 'D' Antigen
Electrochemical E L I S A results are s h o w n in Table 8.5. Polymers containing
erythrocytes with the 'D' antigen generated electrical charges twice that of
polymers containing erythrocytes with n o 'D' antigen (negative reaction) or
polymers with n o erythrocytes (blanks). These results were significant (no
'D' A g p<0.004; n o cells p<0.019) demonstrating that the 'D' antigen in the
erythrocyte m e m b r a n e , retained activity once incorporated into the
polypyrrole, polyelectrolyte, sucrose polymer.

Table 8.5: Electrochemical Results: Polymers (pp/PVS/sucrose) containing diffe
blood group erythrocytes (RBC's) tested against G A M M A anti-Rh(D) IgG (1: 4000
dilution).
R h group of cells in the
polymer (nP), (nD)
Rh(D) positive cells (24) (8)
Rh(D) negative cells (9) (3)
N o cells (4)

Mean Charge (u\C)
± SEM

unpaired t-test versus
Rh(D) Positive cells

1.49 + 0.13
0.79 + 0.11
0.65 + 0.24

NA
p< 0.004
p<0.019

Current responses obtained from test polymers containing R h ( D ) positive
erythrocytes with different A B O groups showed polymers containing the 'D'
antigen produced m u c h larger currents, u p to ten times the initial current
peak, than blank polymers with no erythrocytes incorporated, Figure 8.6.
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Figure 8.6: Chronoamperograms (Eapp = +0.20V vs Ag/AgCl) recorded of the reaction
between anti-D IgG( 1:4000) in 0.1M T B p H 9.8 and different polymers containing
Rh(D) positive erythrocytes. The polymers were synthesised using a current density of
1.5 m A c m - 2 for 10 sees.
The mean electrical charges (itC), obtained after integration of the current,
s h o w e d polymers containing erythrocytes with the 'D' antigen generated
electrical charges twice that of polymers containing either n o erythrocytes or
n o 'D' antigen, regardless of the A B O group of the erythrocyte (Table 8.6).
T h e results w e r e significant (p<0.05). There w a s n o significant difference
b e t w e e n blank p o l y m e r s containing n o

erythrocytes a n d

polymers

containing erythrocytes with n o 'D' antigen (0.05<p<0.56).

(In the electrochemical assay all polymers synthesised from the two 'B' Rh(D) po
were significantly different to the Rh(D) negative cells, when reacted with anti-D, unlike the
results from the photometric ELISA. This was surprising as both the photometric and
electrochemical assays were performed on the exact same polymer sections. The only
difference was that pNPP was used as the substrate for photometric detection and pAPP the
substrate for electrochemical detection of the enzyme).
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Table 8.6: Electrochemical results from polymers (pp/PVS/sucrose) containing different
A B O and Rhesus blood group erythrocytes (RBC's) tested against G A M M A anti-Rh(D)
IgG (1:4000 dilution).
Blood group of RBC's in
pp/PVS/sucrose polymer
(nP), (nD)

A ' Rh(D)Positive (8) (2)
'B' Rh(D)Positive (5) (2)
'0' Rh(D)Positive (10) (4)
N o cells present (4)
•O' Rh(D)Negative (9) (3)

Mean Charge:
unpaired t-test
30 sees post
versus 'O'Rh (D)
addition of
negative cells
reactants.
(HA.sec) ± S E M
1.67+0.19

1.41 ±0.11
1.48 ± 0.26
0.65 ± 0.24
0.79 ±0.11

unpaired t-test
versus blank (no
cells)

p<0.0009
p<0.003
p<0.04
0.05<p<0.559

p<0.004
p<0.018
p<0.03

NA

0.05<p<0.559

NA

8.3.5. 'A'antigen detection in the polymer matrix
All ELISA results (photometric and electrochemical) for the detection of the
'A' antigen were either from polymers synthesised at 0.75 m A c m " 2 for 30
sees or 1.5mAcnr 2 for 10 sees and fixed with aldehydes or from polymers
grown at 1.5rnAcnr2 for 10 sees and stored in 0.27M raffinose.
The results were batched together for statistical analysis because it was found
that fixed polymers, whether synthesised at 0.75 m A c m " 2 for 30 sees or
1.5mAcnr 2 for 10 sees, were not significantly different for either photometric
detection (p>0.5, n=6) nor electrochemical detection (p>0.2, n=6). Raffinose
stored polymers were comparable with fixed polymers for photometric
detection (p>0.1, n=3) and electrochemical defection(p>0.2, n=3). (Data is not
shown).
8.3.5.1. Photometric ELISA for the detection of 'A' antigen
The activity of the 'A' antigen w a s verified on group A erythrocytes within
the polymer and the photometric ELISA distinguished positive reactions
from the blank and negative reactions. Polymers containing group A
erythrocytes had optical densities twice that of the negative and blank
reactions, Table 8.7, this difference being highly significant (p< 0.0001).
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Table 8.7:Photometric Results: Polymers (pp/PVS/sucrose) containing 'A' antigen cells
or containing cells with no 'A' antigen were tested against G A M M A anti-A IgG (1: 3000
dilution).
A B O group of cells in the
polymer (nP)

M e a n Optical Density

(OD)
±SEM

unpaired t-test
versus Rh(D) Positive
cells

'A' positive cells (16)
negative reaction: no 'A'
antigen (36)

0.88 ± 0.07
0.49 ± 0.05

NA
p< 0.0001

Negative reactions (Table 8.7) were derived from polymers containing either
group B or group O erythrocytes and polymers containing no erythrocytes
(blanks), Table 8.8. Polymers containing group O or group B erythrocytes
were statistically different from the positive response w h e n group A cells
were reacted with anti-A (p<0.0001 and p<0.002), as w a s the blank reaction
(p<0.004).

Table 8.8: Photometric responses broken down for individual A B O group and no cell
(blank) responses: Polymers (pp/PVS/sucrose) containing different A B O blood group
erythrocytes (RBC's) tested against anti-A IgG (1: 3000 dilution).
Blood group of RBC's in
pp/PVS/sucrose polymer (nP)

Mean Optical Density
(OD)

±SEM
•A* (16)
*B* (15)
'O' (15)
N o cells present (6)

0.88 ± 0.07
0.47 ± 0.05
0.51 ±0.08
0.43 ±0.10

Unpaired t-test
versus anti-A with 'A'
cells

NA
p<0.0001
p<0.002
p<0.004

8.3.5.2. Electrochemical ELISA for the Detection of the 'A' antigen
Electrochemical ELISA results concurred with photometic ELISA results by
s h o w i n g that the 'A' antigen in the erythrocyte m e m b r a n e , retained activity
once incorporated into the polypyrrole, polyelectrolyte, sucrose polymer.
Current responses obtained from test polymers with different A B O group
erythrocytes incorporated a n d reacted with anti-A, s h o w e d

polymers
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containing the 'A' antigen produced m u c h larger currents than polymers
without the 'A' antigen, Figure 8.7.
Table 8.9: Electrochemical Responses for Polymers (pp/PVS/sucrose) containing
antigen cells or cells containing no 'A' antigen were tested against G A M M A anti-A IgG
(1:3000 dilution).
A B O group of cells in
the polymer (nP)
positive:'A'Ag cells (5)
negative: no 'A' antigen
on cells (11)

Mean Charge (JLIC)

±SEM

unpaired t-test versus
cells with 'A' antigen

2.14 ±0.15
1.26 ±0.17

NA
p< 0.005

6 o*ll=
— A o+ll=
.«. Oo+lls
pp/PVS blank
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Figure 8.7: Chronoamperograms (Eapp= +0.20V vs Ag/AgCl) of the reaction with anti-A
I g G in 0 . 1 M T B p H 9.8 and polymers containing different A B O groups. T h e polymers
were synthesised using a current density of 1.5 m A c m - 2 for 10 sees.

T h e m e a n electrical charges ( u C ) , obtained after integration of the current,
s h o w e d p o l y m e r s containing erythrocytes with the A ' antigen h a d electrical
charges twice that of p o l y m e r s containing n o A ' antigen, Table 8.9. T h e s e
results w e r e significant (p<0.005).
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Table 8.10: Electrochemical responses for individual A B O group and no cell (negative)
responses: Polymers (pp/PVS/sucrose) containing different A B O blood group
erythrocytes (RBC's) tested against anti-A IgG.
Blood group of RBC's in
pp/PVS/sucrose polymer
(nP)
'A (5)
'B' (6)
'O' (5)
N o cells present (3)

M e a n Charge
post 30 sees (|LlA.sec)
±SEM

unpaired t-test versus antiA on 'A' polymers

2.14 ±0.15
1.18 ±0.16
1.34 ±0.33
1.62 ± 0.37

NA
p<0.002
p<0.05
p=0.05

A s with the photometric detection the negative reactions were separated
into reactions from polymers containing either group B or group O
erythrocytes and those polymers containing no erythrocytes (blanks), Table
8.10. Polymers containing group O or group B erythrocytes were statistically
different from the positive response w h e n group A cells were reacted with
anti-A (p<0.05 and p<0.002), as was the blank reaction (p=0.05).
8.3.6. Antigen Detection using Human Serum
8.3.6.1. Agglutination reactions (in solution)
The agglutination reaction w h e n group O sera or group B sera were added to
the 'A' cells, that were incorporated into the polymer matrix (n=5), were
strongly positive (score 12). Group O sera contains both anti-A and anti-B
whilst group B sera contains only anti-A. The anti-A will bind with the 'A'
antigens, giving a positive agglutination reaction.
A negative agglutination reaction (score 0) was recorded, w h e n group A sera
or group A B serum w a s incubated with the 'A' cells. Group A B serum
contains neither anti-A nor anti-B so there are no antibodies present to react
with the 'A' antigens. Group A sera contains only anti-B, which will not
react with the 'A' antigens. (Data is not shown).
8.3.6.2. ELISA with Electrochemical Detection
The m e a n electrical charges (uC), obtained after integration of the current,
showed polymers containing group A erythrocytes and reacted with group O
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sera (0.84) or group B sera (0.62) h a d electrical charges at least double those
charges obtained w h e n those polymers w e r e reacted with group A (0.01) or
group A B sera (0.37), Table 8.11 & Figure 8.8. Both group O sera a n d group B
sera contain anti-A so binding with the 'A' antigen occurred, thus giving a
positive reaction. W h e n group A or group A B sera w a s reacted with group
A erythrocytes, n o binding occurred because neither sera contains anti-A,
thus giving a negative reaction.
W h e n the s a m e sera w e r e reacted with polymers containing group

AB

erythrocytes, instead of group A , electrical charges (\xC) obtained after the
addition of group A sera (0.38) were twice that after addition of group B sera
(0.16). This m a y b e attributed to concentration effects. T h e group A sera m a y
h a v e h a d a high concentration of anti-B a n d the group B sera a l o w
concentration of anti-A. It is also c o m m o n for group A B erythrocytes to
have less B antigen sites than A antigen sites[125].
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Figure 8.8: Chronoamperograms (Eapp=+0.20V vs Ag/AgCl) of the reaction with
different A B O group sera in 0.1M T B p H 9.8 and polymers containing group A
erythrocytes. The polymers were synthesised using a cunent density of 1.5 m A c m - 2 for
10 sees.
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Table 8.11: Responses for ELISA with electrochemical detection.

Polymers

(pp/PVS/sucrose) containing either 'A' or 'AB' blood group erythrocytes (RBC's) tested
against human sera.
A B O group of sera
(nS),(nP)

Charge (|iC)
vs
group A cells

Charge (JIC)
vs
group A B cells

A ' (2) (4)
A B ' (1) (2)
'B' (2) (4)
'0' (5) (10)
Legend:

0.010± 0.002
0.367
0.618 ±0.28
0.843 ± 0.07

0.384 ±0.11
1.008
0.163 ±0.08
1.079 ±0.19

nP = number of polymers assayed in duplicate
The electrical charge (JLLC) obtained from addition of the A B sera w a s too
high (1.008), Table 8.11. This is considered to be a false positive reaction.
There are no antibodies in A B sera so no binding of antigen and antibody
should occur. The group A B serum w a s obtained from a single donor
which w a s the same donor as the group A B erythrocytes incorporated into
the polymer. This indicates that the false positive was an auto-reactivity in
the ELISA which w a s not detectable by the standard technique, a direct
C o o m b s test ( D C T negative). Agglutination tests for blood grouping, with
standard reagents, were also negative (score 0). Either the ELISA reaction
with electrochemical detection w a s contaminated with antibody from
another source or there were some interferents in the donor serum that
caused a non-specific false positive result in this ELISA format.
The electrical charges (|J,C) obtained w h e n the group A B polymers were
reacted with group O sera (1.08) were at least three times those charges
obtained w h e n the polymers were reacted with group A(0.38) or group B
sera (0.16). Group O sera contains both anti-A and anti-B so these antibodies
will react with the 'A' and 'B' antigens located on group A B erythrocytes.
Electrical charges obtained using group O sera would be larger than the
electrical charges obtained using group B or group A sera because only the A
antigens on group A B erythrocytes will react with anti-A from group B sera
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and only the B antigens on group A B erythrocytes will react with anti-B
from group A sera.
It w a s difficult to determine whether the electrical charges obtained from
polymers containing group A B erythrocytes using group A and group B sera
indicate a positive reaction because the reaction using group A B sera gave
an unexpected false positive result (I.OO811C) (see above).

The m e a n

electrical charges obtained using group B sera were relatively low (0.163 ±
0.08 uC) but still higher than the substrate (pAPP) blank, Figure 8.9. Blank
polymers without erythrocytes (pp/PVS) were not assayed on this day.

2

u

'i|!,"f=iiii 11

"*"VM*

pAppblln?"'
0

""'"^WU.

I

I

I

20

40

GO

I

1

1

80

100

120

r-

140

Time (sec)

Figure 8.9: Chronoamperograms (Eapp=+0.20V vs Ag/AgCl) of the reaction with group
B sera (1:40) and polymers containing A B erythrocytes. The polymers were synthesised
using a current density of 1.5 mAcm-2for10 sees.
An experiment was performed to determine if the AB serum used above
showed electrochemical interference w h e n reacted against blank polymers
with no erythrocytes incorporated (pp/PVS). The m e a n charge obtained,
using 2 polymers assayed in duplicate, was 0.127 p,C, which w a s less than the
substrate blank (0.184 uC). This result suggests that the reaction observed
using A B sera against A B erythrocytes in the polymer matrix w a s a result of
an auto reactivity, between the sera and the erythrocytes of the A B donor,
which would have no affect in a reaction with the p p / P V S blank polymers,
or a technical error but not an electrochemical interferent.
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M o r e experiments using greater numbers of sera needs to be evaluated to
determine whether this w a s a once off result in an electrochemical assay or
if every A B donor reacts similarly. Similarly, atypical reactions such as these
should be investigated further. The series of experiments outlined above
were also performed in the photometric ELISA (data not shown). A n O D of
0.090 resulted w h e n the A B serum was reacted against the A B erythrocytes
in the polymer. This result w a s considered to be indicative of a negative
reaction as the result w a s m u c h lower than the O D of the other sera
reactions (group A sera 0.252, group B sera 0.136 and group O sera 0.300).
Each ELISA w a s performed using a 1:40 dilution of serum. A n experiment
was performed with a higher concentration of serum (1:10) (data not shown)
where the incidence of false positive reactions was greater. The false
positive reactions, therefore m a y be a dilution effect. The majority of donor
sera m a y be assayed at a 1:40 dilution but some donors with high antibody
levels m a y require to be diluted further. Also, donor seras that have low
naturally occurring antibody levels m a y need to be used in a higher
concentration of serum than 1:40.
8.4. Discussion
Modification of the standard ELISA technique allowed detection of antibody
binding to antigens located within the polypyrrole matrix via both
photometric and electrochemical endpoints. Mechanical washing did not
adversely affect the polymers because they were generally in good condition
with the erythocytes intact.
In ELISA the choice of buffer and the p H of the buffer can influence whether
a signal will be detected after antigen-antibody binding.

The rate of

phosphatase action is enhanced w h e n certain amino alcohol buffers, like
TRIS are used[132, 184]. TRIS functions as a buffer by binding protons at the
nitrogen atom and being a hydroxyl compound can act as a phosphate group
acceptor. Enhanced enzymatic rate-enhancement has been observed in the
prescence of TRIS and derives from TRIS's participation in the phosphate-
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transfer reaction. E n z y m e activity in the presence of optimal concentrations
of buffers like TRIS can be two- to six- fold greater than in the presence of a
nonactivating buffer such as carbonate[132]. Phosphate is a potent inhibitor
of alkaline phosphatase activity, so any phosphate left in the plate wells after
washing m a y cause an inhibition of the enzyme reaction[185]. For this
reason the use of phosphate buffers in alkaline phosphatase based ELISAs
m a y result in low O D values and was therefore avoided in the ELISA after
the initial blocking step.
The p H of the Tris buffer (TB) was altered at certain stages during the ELISA
because alkaline phosphatase has m a x i m u m activity at p H 10.0[188], whilst
antigen/antibody reactions occur at physiological pH's (pH 7.0 - 7.6). A s a
compromise the antigen/antibody steps were all carried out in T B p H 7.8
then the last incubation with alkaline phosphatase labelled antibody T B p H
9.8 w a s used. The Tris buffer (0.1M) had to be isotonic, otherwise the
erythrocytes lysed. NaCl (lOOmM) was added to make 0.1M T B isotonic.
p-Aminophenol phosphate is a suitable substrate for electrochemical
detection of alkaline phosphatase activity because it allows for development
of a single-step assay, where there is no need for a wash step to separate
exdogenous sample components from the system. That is, the product of
the reaction, p-aminophenol, generates an oxidising current (+0.25V vs
A g / A g C l ) at a different potential to where the substrate, p-aminophenol
phosphate, is oxidised (+0.55 V vs Ag/AgCl).
The observed instability of p-aminophenol phosphate in air after 15 mins
w a s not a drawback, as long as incubation times were kept short, in this
instance 5 mins. Other researchers using this substrate in electrochemical
detection systems have successfully used the shorter incubation time of 3
mins[187].
The glassy carbon electrode required only a short period of time (2-3 mins)
in buffer before a stable baseline was achieved. This blank baseline current
w a s subtracted from the final current and would have included sources of
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background current, such as electrolysis of impurities, electrolysis of the
solvent and electrolysis of the electrode surface material. Charging current
w a s minimised by operating the electrode at +0.25V vs A g / A g C l before
addition of the products from the ELISA wells.
Agglutination and ELISA results indicated that both the Rh(D) and 'A'
antigen were not denatured by the pyrrole itself nor by the polymerisation
process if the polymers were used fresh or stored in 0.27M raffinose for up to
5 hours. The 'A' antigen also retained antigenicity if the polymer w a s fixed
in 0.15% glutaraldehyde in phosphate buffer, in agreement with the flow
cytometry data discussed in Chapter 5, Section 5.3.4.2.
Antigenic activity w a s present between both the anti-Rh(D) and the 'D'
antigen in the erythrocytes and the anti-A and the 'A' antigen in the
erythrocytes, in both the preuse and postuse solutions. The integrity of both
these antigens within the polymer matrix w a s then confirmed by ELISA
(photometric and electrochemical).
The ELISAs performed using purified monoclonal antibodies, anti-A IgG
and anti-D IgG, demonstrated that both the 'A' and 'D' antigens on
erythrocytes in the polymer matrix were able to bind to the corresponding
antibody. Using anti-A in an ELISA with photometric detection the m e a n
O D signal of the positive reaction, 0.88±0.07, was double that of the negative
reaction 0.49±0.05. Anti-A versus 'A' erythrocytes in the polymer result was
statistically significantly different from the anti-A versus a negative reaction
('B' cells and 'O'cells), p<0.0001, n=40. The ELISA with electrochemical
detection also showed that the anti-A versus 'A' erythrocytes in the polymer
were statistically significantly different from the anti-A versus the negative
responses, p<0.005, n=21.

In this assay the m e a n signal of a positive

reaction, 2.14±0.15 uC, w a s also approximately double that of the negative
reaction, 1.26±0.16 jlC. In both assays there were no false positive responses
nor false negative responses indicating that the ELISA could determine that
the 'A' antigen remained functional in the polymer matrix because it w a s
able to bind to the monoclonal anti-A.
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Using anti-D to detect the 'D' antigen in a polymer also indicated the
presence of functional antigens which were able to show a positive binding
response. In the photometric ELISA the m e a n signal of the Rh(D) positive
responses were statistically significantly different to the Rh(D) negative
responses, p<0.004, n=33. However, the m e a n signal of the Rh(D) positive
response (0.448±0.03) was only approximately 1.5 times the m e a n signal of
the Rh(D) negative response (0.328±0.01). The ratio of positive to negative
signal w a s marginally better in the electrochemical ELISA. The m e a n Rh(D)
positive signal, 1.5±0.13 ^lC, w a s nearly double the m e a n Rh(D) negative
signal, 0.79±0.11 uC. There were no false positive or false negative responses
using electrochemical detection and only one of the 'B' donor serum gave
consistently false negative results in the photometric detection.
The ELISA technique with electrochemical detection therefore measured the
bound alkaline phosphatase in the system consistently between polymers
synthesised and tested on different days.

A positive binding reaction

between antigen and antibody where the product P A P was oxidised at
+0.25V (vs Ag/AgCl) generated electrical charges approximately twice that of
polymers where no binding occurred between antigen and antibody. The
amount of current generated in the electrochemical detection system then
equates to the quantity of P A P produced (linear between O . O m M and
1.22mM) therefore to the quantity of antibody bound to the antigen in the
polypyrrole. For A B O and Rh(D) blood grouping the exact concentration of
antibody or antigen present is not vitally important, as a qualitative result
would be enough to determine the blood group, but if in future work the
assay were to be used to determine a titre of antigen or antibody it could.
Standard analytical practice aims for assay sensitivities where results of
positive reactions are three times the negative reactions. The sensitivity of
the Rh(D) and 'A' positive responses were not three times that of the
negative responses, at best only double. A c o m m o n problem associated with
the use of ELISA is non-specific, or specific, undesirable binding of proteins
to either the polystyrene ELISA tray or the polypyrrole polymer matrix. This
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w a s reduced w h e n skim milk powder was substituted for animal sera (goat
IgG) in the Tris buffers. The alkaline phosphatase goat anti-mouse antibody
and the alkaline phosphatase goat anti-human antibody had both been
affinity purified to prevent undesirable background due to cross reactivity or
low levels of natural antibodies present in the reagents. Attempts to
improve the signal sensitivity did not realise results where assay
sensitivities of positive reactions were three times that of negative reactions.
To ascertain whether direct electrochemical signals resulted from the actual
binding event to form an immunocomplex and not just from the presence
of the specific antigen or antibody becoming simply entangled in the
polymer matrix or from nonspecific reactions it was necessary to have
developed

a specific assay that could be used

to confirm

any

immunoreactivity detected by a direct electrochemical assay. The specificity
for the antigen/antibody binding event could be established, if the ELISA
assays, described above, and the direct electrochemical assay gave the same
result after they had been run in parallel on the same polymer.
For the biosensor approach to be useful in clinical laboratories groupings
must also be performed using serum samples as well as monoclonal
antibodies. Reverse blood grouping requires k n o w n group specific h u m a n
erythrocytes to be reacted with the test serum in order to determine the
presence of specific antibodies. For example, if a person was determined to
be group O on forward grouping they would be expected to contain anti-A
and anti-B in the serum.
The limiting feature of m a n y electrochemical assays is that substances
present in serum m a y be electroactive at or below the redox potential used
for detection. Replacement of purified monoclonal antibody with h u m a n
sera in the ELISA gave an indication of h o w a complex matrix such as sera
would react in an electrochemical analysis. Setting the potential at +0.25V
vs A g / A g C l appeared to resolved any problems associated with background
electrochemical interference from serum components such as ascorbate and
urate[187]. The preliminary results for sera were encouraging. That is,
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twenty polymers were assayed in duplicate (n=40) and of these 30 of the 32
expected positive reactions were positive which gives a sensitivity of 90%.
Only 5 of the expected 8 negative reactions were negative giving a specificity
of 63%.
Obviously there are some problems that need to be addressed w h e n using
h u m a n sera, such as reproducibility of results in the ELISA test system,
w h e n greater numbers of donor sera are reacted against a greater number of
polymers. The false positive rate is too high but maybe fixed by further
optimisation of the concentration of serum to be used in the electrochemical
ELISA. The assays were performed using a serum dilution of 1:40, but w h e n
an experiment w a s performed with a higher concentration of serum (1:10)
the incidence of false positive reactions was greater. This indicated that
further dilutions of some donor sera m a y be necessary, which would
confirm that ELISA techniques are not the technique of first choice in
automation of blood grouping. The suggestion that serum from different
patients m a y require different dilutions to provide specific results negates
the benefits of automation which is speed. However, as a 'stepping stone'
towards the development of a direct electrochemical biosensor the
development of the ELISA demonstrated (i) that the antigens were
functional once incorporated into polypyrrole and (ii) that the introduction
of h u m a n sera into an electrochemical setup gave positive binding
responses distinguishable from negative binding responses.

The

background currents (<0.2uC) were within an acceptable range. These were
positive indications towards the successful development of a direct
electrochemical biosensor.
8.5. Conclusion
The ELISA techniques, modified for performance on a disc, w a s used to
demonstrate antigenic activity of the incorporated erythrocyte.

The

polymers containing erythrocytes were used as the basis of a blood group,
antibody detection, biosensor. W h e n antigens located within the polymer
matrix reacted with antibodies a positive binding response was confirmed
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using immunoassay procedures, with either photometric or electrochemical
generation.
The same ELISA techniques could n o w be used as validation of the direct
electronic signal detection of the antigen/antibody binding event on the
same polymer. Future work, using a greater number of sera samples should
be carried out.
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CHAPTER 9
DIRECT SIGNAL GENERATION
9.1 Introduction
The ultimate aim of this work was to generate a direct electrical signal
indicative of antigen/antibody binding within the polypyrrole matrix. The
previous chapter discussed h o w antigens located on the erythrocyte
membrane incorporated into the polypyrrole matrix remained intact and
functional. This chapter shows h o w the polypyrrole matrix containing
erythrocytes can function as a transducer for conversion of the recognition
pattern into a primary signal which can in turn be related to a specific
antigen/antibody determination.
There are m a n y means available to convert a recognition pattern into a
primary signal (Chapter 1). In this work direct signal generation, arising
from

antigen-antibody

interactions, w a s investigated using cyclic

resistometry, cyclic voltammetry and E Q C M . All three techniques involved
cycling the polymer with incorporated erythrocytes between the oxidised
and reduced forms according to Equation 6.2 (Chapter 6).
9.2. Experimental
9.2.1. CV
The polymers were cycled in 0.15 M NaCl between +0.50V and -0.70V (vs
Ag/AgCl), beginning and finishing at 0.17V. The same polymer was then
cycled in 0.15M NaCl with (lmg into 20 mis) anti-Rh(D) added. The CV's,
cycled with and without antibody, were compared.
9.2.2. EQCM
Polymers, containing Rh(D) positive erythrocytes, were synthesised
galvanostatically using a current density of 0.5mAcm" 2 for 1 min, then
rinsed in 0.15M NaCl. The polymers were then cycled in 0.15 M

NaN03

between +0.5 V and -0.7V (vs Ag/AgCl), beginning and ending at +0.17V to
obtain a baseline. Anti-Rh(D) (20ul) was added. Results after the addition of
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antibody were compared to those results obtained prior to addition of
antibody.
9.2.3. Resistometry- Antigen/Antibody Binding
Resistometry w a s performed as outlined in Chapter 6. A plot of resistance
versus potential was produced simultaneously with a cyclic voltammogram
between +0.35V to -0.70V beginning and ending the cycle at +0.17V.
Multiple consecutive cycles were performed and the change in resistance
measured for each individual cycle, in the presence and absence of antibody.
For detection with anti-Rh(D), an aliquot (10 |xl) of anti-D IgG (1.0 m g / m l )
was added to the electrochemical cell after the polymer was first cycled in an
aliquot (1ml) of NaCl (0.15M). Polymers grown at 1.5 m A c m - 2 for 10 sec
were analysed. Resistograms were compared then a statistical comparison of
results from polymers with R h (D) positive erythrocytes (pp/PVS/RBC) and
ones having no erythrocytes (pp/PVS) was performed by using a two-tailed,
paired t-test.
For detection with anti-A, an aliquot (10 ul) of anti-A IgG (2.4 m g / m l ) was
added to the electrochemical cell after the polymer was first cycled in an
aliquot (1ml) of NaCl (0.15M). Polymers grown at 1.5 m A c m - 2 for 10 sec and
0.75 m A c m - 2 for 30 sees, rinsed in NaCl (0.15M) then fixed in 0.15 %
glutaraldahyde in phosphate buffer were analysed.

Resistograms were

compared then a statistical comparison of results from polymers with A B O
group (group A or A B or O ) erythrocytes (pp/PVS/RBC) and ones having no
erythrocytes (pp/PVS) was performed by using a two-tailed, paired t-test.
9.3. Results
9.3.1. Cyclic voltammetry (CV)
The CV's of polymers containing erythrocytes cycled with and without antiRh(D) were identical, Figure 9.1. The position and intensity of the oxidation
and reduction current peaks were unchanged after the addition of antibody
into the system showing that any change of electroactivity within the
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system, induced by antigen/antibody binding, could not be detected using
cyclic voltammetry.
The lack of response could be because there are several independent
reactions occurring simultaneously. The resulting current is a the s u m of
the individual currents, hence one individual current maybe significant but
m a y b e hidden amongst other currents.
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Figure 9.1: Cyclic voltammograms of polymers containing erythrocytes cycled with and
without the presence of anti-Rh(D). Polymers were cycled between +0.5V and -0.8V (vs
Ag/AgCl) beginning at +0.17V, in a solution of NaCl (0.15M), at a scan rate of 40
mV/sec

9.3.2. Electrochemical Quartz Crystal Microgravimmetry (EQCM)
E Q C M indicated that there w a s minimal ion movement observed, into and
from the polymer, w h e n cycled between -0.20V and -0.80V(vs Ag/Ag/Cl),
with or without antibody.
W h e n the polymer containing Rh(D) positive erythrocytes w a s cycled with
anti-Rh(D) added to the solution, a mass increase of 38.2ng was observed
between 0.30V and 0.50V(converted to a mass sensitivity using the
measured average mass sensitivity of 1.046 Hzng-i, Chapter 6), Figure 9.2.
W h e n the same polymer w a s cycled without anti-Rh(D) in solution, the
increase in mass observed was 64.5 ng. The decrease in mass that began on
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the reduction cycle at + 0.35V, returned to initial levels by 0.0V in the
presence of anfi-Rh(D), whilst in the absence of anti-Rh(D) initial levels
were restored at -0.20V.
The differences observed in the E Q C M data obtained w h e n cycling polymers
with Rh(D) positive erythrocytes in solution, with and without anti-Rh(D),
m a y or m a y not have been induced by Rh(D) antigen and anti-Rh(D)
binding.

A s discussed in Chapter 6, the explanation for the observed

increase in mass in polypyrrole polymers containing erythrocytes, between
+0.35V and +0.50V, is unclear but unlikely to be from anion incorporation.
For this reason it w a s difficult to conclude that A g / A b binding reduced the
magnitude of the incorporation and expulsion of what m a y have been ions
or water. Further A g / A b binding experiments using E Q C M were abandoned
in preference to resistance measurements because resistance changes
occurred between 0.0V and -0.80V, not between +0.35V and +0.50V.

PotentialTOA2/A2CI (volts)

Figure 9.2: E Q C M of a polymer containing Rh(D) positive cells, cycled in N a N 0 3
(0.15M) with and without anti-Rh(D), at a scan rate of 20 mV/sec.
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9.3.3. Resistometry
Figure 9.3 s h o w s a resistogram from test polymers containing R h ( D )
positive erythrocytes (dashed lines). A typical resistogram beginning at 0.17
V s h o w e d a l o w resistance of 0 to 1 O h m with minimal change o n the
forward anodic scan, o n the reverse scan the resistance increased three fold,
beginning at -0.25V to -0.40V, from approximately 1 O h m to 3-4 O h m s .

As

the cycle returned to the initial potential the resistance decreased to initial
levels. W i t h the addition of anti-Rh (D) to a polymer containing R h (D)
positive erythrocytes the magnitude of the resistance change w a s decreased
significantly (p<0.0008) b y 1 O h m (See Figure 9.3, solid line, and Table 9.1. ).
The inflection points of the resistogram were unchanged.

Potential vs Ag/AgCl (volts)
Figure 9.3

Resistometry of an erythrocyte containing polymer (pp/PVS/Rh(D)

positive cells) with and without antibody. Polymers were grown using a current density
of 1.5 m A c m - 2 for a time 10 sees, cycled in 0.15M NaCl at a scan rate of lOmV/sec.
Table 9.1: Resistometry results: Polymers (pp/PVS) with and without Rhesus positive
erythrocytes tested against anti-Rh(D) IgG (1: 4000 dilution).
pp/PVS polymer (c, n)

Resistance change Resistance change
before anti-D ±
after anti-D ± S E M
S E M (ohms)
(ohms)

Paired t-test

without erythrocytes (9, 2)

2.99 ±0.12

3.60 ± 0.23

0.05<p<0.26

with erythrocytes (13, 5)

3.42 ±0.19

2.34 ± 0.07

p<0.0008

Legend:
c = number of cycles performed

216

W h e n polymers with P V S as the sole counterion were treated identically
resistograms were similar in shape but with slightly different inflection
points (Figure 9.4 dashed line). The addition of anti-Rh (D) did not alter the
magnitude of the resistance response significantly (0.05<p<0.26) (Figure 9.4,
solid line and Table 9.1).

Potential vs Ag/AgCl (volts)
Figure 9.4

Resistometry of a blank polymer (pp/PVS) with and without antibody.

Polymers were grown using a current density of 1.5 m A c m " 2 for a time 10 sees, cycled
in 0.15M NaCl at a scan rate of lOmV/sec.

A resistogram from test polymers containing group 'A' erythrocytes is
s h o w n in Figure 9.5 (dashed line). A typical resistogram beginning at 0.17V
showed a low resistance of 0 to 1 O h m with minimal change on the forward
anodic scan, o n the reverse scan the resistance increased three fold
beginning at -0.25V to -0.40V from approximately 0.5 O h m to 1.5-2.5 O h m s .
A s the cycle returned to the initial potential the resistance decreased to
initial levels. With the addition of anti-A to a polymer containing group A
positive erythrocytes the magnitude of the resistance change w a s decreased
significantly (p<0.0009) by 1 O h m (Figure 9.5, solid line, and Table 9.2). The
inflection points of the resistogram were unchanged.
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Figure 9.5: Resistometry of an erythrocyte containing polymer (pp/PVS/group A ' cells)
with and without antibody. Polymers were grown using a current density of 1.5mAcm-2
for a time 10 sees, cycled in 0.15M NaCl at a scan rate of 10 mV/sec.

Table 9.2: Resistometry results: Polymers (pp/PVS/sucrose) with and without
erythrocytes tested against anti-A IgG (1: 3000 dilution).
pp/PVS/suc
polymer with
erythrocytes (c, n)
Group A ' (14,6)
Group 'AB' (5,2)
Group'O'(11,4)
without erythrocytes
(5,2)

Resistance change
without anti-A ±
S E M (ohms)
2.2
1.4
2.2
1.5

±0.21
±0.04
±0.18
±0.13

Resistance change
with anti-A ± S E M
(ohms)

paired t-test

1.3 ±0.15
1.2 ±0.04
2.2 ± 0.21
1.2 ±0.07

p<0.0009
p< 0.02
0.05<p<0.09
0.05<p<0.12

Legend:
c = number of cycles undertaken

A

resistogram from test polymers containing group A B erythrocytes is

s h o w n in Figure 9.6 (dashed line). A typical resistogram w a s similar to the
test polymers containing group A erythrocytes and with the addition of antiA

the m a g n i t u d e of the resistance change w a s decreased significantly

(p<0.02) b y 0.5 O h m (See Figure 9.6, solid line, and Table 9.2). T h e inflection
points of the resistogram w e r e once m o r e unchanged.
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Figure 9.6: Resistometry of an erythrocyte containing polymer (pp/PVS/group A B '
cells) with and without antibody. Polymers were grown using a current density of
1.5mAcm-2 for a time 10 sees, cycled in 0.15M NaCl at a scan rate of 10 mV/sec.

The alteration of the magnitude of resistance change for test polymer
containing group A or group A B erythrocytes was attributed to the binding
of the 'A' antibody in solution to the complimentary 'A' antigen located on
the erythrocyte in the polypyrrole matrix.
Group A subjects had a larger resistance change (1 O h m ) when exposed to
anti-A than group A B subjects (0.5 O h m ) . This was not an unexpected
result. Group A adult subjects have been estimated to have between 0.81 1.17 xlO6 'A' antigen sites per erythrocyte if one antibody binds to one
antigen site, whilst group A B adult subjects contain between 0.14 - 0.85 x 106
'A' antigen sites per erythrocyte [cited in [15]].

Alternatively, the

erythrocytes in the polymer m a y not have all their antigen sites available for
binding. For example the antigen sites on the under side of the erythrocyte
m a y not be accessable to the antibody, despite the incorporation of P V S to
create a more open pore matrix. There will also be differences in the
amount of binding depending on the source of anti-A used. A murine
monoclonal IgG anti-A has two antigen combining sites whilst anti-A
molecules in h u m a n serum are mainly IgM (a pentimer with 10 binding
sites).
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When blank polymers with PVS as the sole counterion were treated
identically resistograms w e r e similar in shape but with slightly different
inflection points (Figure 9.7, dashed line). T h e addition of anti-A did not
alter the m a g n i t u d e of the resistance response significantly (0.05<p<0.12)
(Figure 9.7, solid line, & Table 9.2).

fbtentialvsAg/AgZl (volts)

Figure 9.7: Resistometry of a blank polymer (pp/PVS) with and without antibody.
Polymers were grown using a current density of 1.5 m A c m - 2 for a time 10 sees, cycled
in 0.15M NaCl at a scan rate of lOmV/sec.
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Figure 9.8: Resistometry of an erythrocyte containing polymer (pp/PVS/group 'O' c
with and without antibody. Polymers were grown using a current density of 1.5 m A c m - 2
for a time 10 sees, cycled in 0.15M NaCl at a scan rate of lOmV/sec.
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A

resistogram of a negative test polymer, that contains group 'O'

erythrocytes, is shown in Figure 9.8 (dashed line). The typical resistogram
w a s similar to the test polymers containing group A

or group

AB

erythrocytes. However, with the addition of anti-A, the magnitude of the
resistance response w a s not altered significantly (0.05<p<0.09) (Figure 9.8,
solid line, & Table 9.2) as w a s the case with the blank polymers.

The

inflection points of the resistogram were unchanged also.
The magnitude of resistance change remained unaltered in the test
polymers containing group O erythrocytes because these erythrocytes do not
have the 'A' antigen. Therefore, the polymers with group O erythrocytes
incorporated are negative controls in the test system.
The P V S polymers with no erythrocytes incorporated are blank polymers
which would screen for any non-specific binding or any potential
interferents present in the test system. There was no alteration in resistance
in the blank polymers with P V S as the sole counterion, indicating that there
was no interferents nor any non-specific binding.
A s there w a s no alteration in resistance in both the blank and negative
control polymers, resistometry changes observed w h e n erythrocytes with
the 'A' antigen are incorporated, could not have been induced by entangling
of the anti-A in the polymer matrix. Entangling would have occurred in all
polymers, including the blank and negative control polymers, and not just
in polymers containing erythrocytes with the A ' antigen.
Resistometry therefore showed a quantitative difference in magnitude of
resistance change, pre and post incubation with anti-A, in the polymers
containing 'A' antigens on the erythrocytes (p<0.0009 and p<0.03) whilst
there w a s no significant difference in peak responses for the polymer blanks
containing no erythrocytes (0.05<p<0.12) and those polymers containing
erythrocytes with no 'A' antigen (0.05<p<0.09).
The responses to anti-A were obtained after the erythrocytes and polymers
were fixed into the polymer matrix.

Resistometry using anti-Rh(D),
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however, w a s performed on unfixed polymers that were maintained in a
wet state. The reaction between antigens and antibodies is weaker, w h e n
performed on fixed erythrocytes (Chapter 5), so the alteration to the
resistance change with anti-A m a y increase if resistometry is performed on
unfixed polymers.
9.4. Discussion
The resistograms show that both erythrocyte-containing and control (PVS
alone) polymers become significantly less conducting in their reduced form.
This has been described previously for similar polypyrrole polyelectrolyte
polymers[112]. Changes in resistance in polyelectrolyte containing polymers
are m u c h lower than in polymers doped with inorganic ions and this has
been attributed to ionic conduction through the high solvent content of
polyelectrolyte containing polymers[112]. W h y antibody should reduce the
resistance change and maintain the polymer in a more conductive state
upon reduction is uncertain. The antibody is either providing additional
conducting pathways by bringing ionic species to the electrode surface or is
preventing the redox switching of the polypyrrole backbone that renders the
polymer less conducting.
voltammogram

Since the simultaneously recorded cyclic

(CV) showed

no corresponding changes the latter

explanation is unlikely.
Resistometry measures the total resistance of the polymer system including
the polymer resistance, the resistance of the polymer solution interface as
well as the resistance of the bulk solution. The resistance response can not
be due to changes in the resistance of the bulk solution between the polymer
composite and the reference electrode, created by the addition of antibody,
because there w a s an unaltered resistance response w h e n the control
polymer w a s placed into the solution containing anti-Rh (D) or anti-A. A
change at the interface rather than changes within the polymer matrix is
supported by electrochemical quartz crystal microbalance studies indicating
minimal ion and water movement into the polymer matrix in the region of
the resistogram where resistances changed (i.e. between -0.3V and -0.7V).
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The selectivity of the biosensor is derived from the high selectivity of the
antigen incorporated into the polypyrrole/PVS matrix.

The antigen-

antibody interactions are highly specific, especially since the introduction of
monoclonal antibodies, because the antibodies exhibit high binding
constants for a specific chemical surface feature on the antigen. Selectivity is
of paramount importance, particularly w h e n potential interferents might be
present at higher concentrations than the concentration of antigen or
antibody of interest. For example, w h e n anti-A was reacted with group B
erythrocytes in the biosensor system no additional responses resulted.
group B erythrocytes contain large numbers of 'B' antigens but the
selectivity of the anti-A resulted in binding with only the 'A' antigens, not
with any 'B' antigens.
Groupings must also be performed using serum samples as well as
monoclonal antibodies. A s mentioned previously, the anodic potential
limit for the resistometry w a s selected in preparation for the future work
involving sera. The indirect assays, using sera, indicated there maybe some
fine-tuning to be achieved because of a higher than acceptable amount of
false positive responses (from one A B donor serum). However, use of the
same sera in the direct signal assay system m a y not produce any difficulties.
Future w o r k would involve replacing purified monoclonal antibody with
sera in resistometry experiments and obtain a direct electrical signal.
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CHAPTER 10
CONCLUSION AND FUTURE WORK
First, this work reports the successful incorporation for the first time of
intact h u m a n erythrocytes into polypyrrole, polyelectrolyte matrices
(Chapters 3 & 4). The numerous erythrocytes were incorporated into a stable
electroactive polymer (Chapter 6) that could be expected to produce a
response equal in magnitude to the current method for determining blood
groups, that is agglutination. R h (D) antigens and 'A' antigens on the
erythrocyte remain intact after incorporation because w h e n they are reacted
with antibody, a positive binding response is confirmed by ELISA
immunoassay procedures (Chapter 8).
Second, this work shows Rh(D) and 'A' blood group antigen and antibody
binding can be detected via a direct signal involving the measurement of a
change in resistance magnitude of the polymers (Chapter 9). These
polymers with incorporated erythrocytes can thus be used as the basis of a
blood group, antibody detection, immuno-biosensor.
Reverse blood grouping in a laboratory involves testing the serum of the
individual for the presence of naturally occurring antibodies, anti-A and
anti-B. K n o w n A B O group erythrocytes would be incorporated into the
polypyrrole/polyelectrolyte matrix and h u m a n sera would be required to
replace monoclonal antibodies in the direct electrochemical system
described here.

Preliminary work using h u m a n sera in the indirect

electrochemical system (Chapter 8), produced positive binding responses,
although further work was required to fine-tune the system so false positive
or false negative results could be prevented. The anodic potential limit for
the resistometry work was selected at +0.35V because the limiting feature of
m a n y electrochemical assays is that substances present in serum maybe
electroactive at or below the redox potential used for detection. The direct
biosensor test system for reverse A B O grouping would need to be able to
obtain both specificity and sensitivity from a single serum dilution, for it to
be a success as the benefits of automation and speed will be otherwise lost.
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Before any commercial application of this biosensor for A B O blood grouping
could be realised, the biosensor system would also have to be able to
determine a forward blood group. K n o w n group A B and/or R h antibodies
would be incorporated into the polypyrrole matrix and erythrocytes from
the test individual would be added into the cycling solution. A direct signal
indicating a positive binding response would need to be generated.
The electrochemical approach with direct signal detection will allow R h (D)
and A B O blood grouping and antibody detection to be more suitable for
automation. There are time advantages to this technique the over both the
traditional agglutination techniques and the e n z y m e

immunoassay

technique. The format of the assay would also enable it to be expanded to
detect m a n y different h u m a n blood groups, not just A B O and R h (D), in
combination with any (e.g. viral) antigen/antibody testing required, each on
individually addressable biosensors.
Future work would also look at discerning the exact sensitivity of the direct
electrochemical assay and compare it with traditional techniques of blood
grouping.

Sensitivity is a function of the amount of antigen/antibody

incorporated into the polymer and the strength of the signal generated. This
work would involve (i) quantitating the signal response as a measure of the
concentration of antigen and/or antibody, (ii) showing the sensitivity of the
detection response in the presence of the weakly reacting R h (D) variant,
called D u ; and (iii) adapting it for detection of other blood group antigens.
If the sensitivity of the system needed to be improved then maybe one could
look at w a y s to synthesis polymers with more polypyrrole present on the
electrode, giving eventually a larger signal, providing that signal w a s still
within the linear response of the instrumentation (upto 100 O h m resistance
using the present equipment, Chapter 6). This would be limited by the state
of the erythrocyte. Instead of incorporating intact erythrocytes one might try
incorporating pieces of intact membrane only. The abscence of erythrocytes
from the polymerisation solution resulted in the presence of more
polypyrrole on the electrode (Chapter 4), so replacing the whole erythrocyte
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with only m e m b r a n e m a y help to polymerise more pyrrole from the
m o n o m e r onto the electrode.
The biocomponent is selected for its high level of selectivity, but typically
limits the lifetime of the biosensor(Chapter 5).

The use of fixatives to

maintain the polymer matrix long term w a s limited because of the adverse
effect it had on the protein antigens, like Rh(D). A n alternative to storing
the biosensor would be to investigate the possibility of constructing each
biosensor polymer immediately prior to use. This would be an attractive
alternative, providing the equipment for synthesis could be miniaturised,
because storage and shipping of potentially hazardous components is
encumbered with strict and expensive guidelines.

Investigation of

incorporation of erythrocyte membrane only m a y be beneficial for the blood
group antigen-antibody reactions, provided that an alternative system was
available where the antigenicity of the blood group antigens in those
membranes could be determined.
Although, the biosensor system has not been developed in full, where both
forward and reverse blood grouping and antibody detection (essential for
pretransfusion testing) is performed and the sensitivity of the system has
been correlated to current day methodologies, the direct electrical responses
obtained in this work m a k e the realisation of such a system a possibility.
Specific antigen/antibody responses, validated using two indirect ELISA
techniques (photometric and electrochemical), generated a measureable
resistance

when

intact

erythrocytes

polypyrrole /polyelectrolyte matrix.

were

incorporated

into

a
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APPENDIX
COMPOSITION OF SOLUTIONS USED
A R C 8 contained D-glucose (139 m M / L ) , tri-sodium citrate (33.3. m M / L ) ,
N a H P 0 4 (12.0 m M / L ) , NaH2P04 (2.9 m M / L ) , adenine (2.0 m M / L ) with P H
7.56 and osmolality 270 mosmol [128].
A D S O L (Wollongong Pathcentre) is a solution (100 ml) containing Dglucose (2.2g), NaCl (900mg), mannitol (750mg), adenine (27 mg) and
sodium (15.4 mEq).
Albumex 5 (Wollongong Pathcentre) is a solution (500 ml) containing
human albumin (25g), sodium (70 mmol), chloride (64 mmol) and
octanoate (3.2 mmol).
ISOTON (Coulter products) contains NaCl (7.93 g/L), disodium EDTA (0.38
g/L), KC1 (0.40 g/L), monosodium phosphate (0.19 g/L), disodium phosphate
(1.95 g/L) and sodium fluoride (0.30 g/L).
T R O L O X (cc-tocopherol) (Aldrich) (0.1M) in isoosmotic phosphate buffer.
Hydroquinone (0.1%) in 0.15M NaN0 3 .
Catalase (United States Biochemical Corporation) (0.528 mg/ml ; 86 902
U / m g Protein).
Butylhydroxytoluene (BHT) (SIGMA).

Dissolve B H T (2.2 mg) in

isopropanol (173mM) then once dissolved make upto 100 mis with
isoosmotic phosphate buffer.
Superoxide dismutase (SOD) (100 units /ml).
Inosine (Sigma) (lOmM) in sucrose (0.27M).
Adenine (Sigma) (0.3mM) in sucrose (0.27M).
Calcium Nitrate (Unilab AJAX) (5mM) in sucrose (0.27M).
D M E M (TRACE biosciences Pty Ltd)
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D M E M + foetal calf serum (10%).
TRIS buffer made isotonic with NaCl (5.5 gms/lL).
1 % Gafquat 755N (a gift from Gibson, T.D. & G A F Chemical Co.) in A D S O L
5 % lactitol (a gift from Gibson, T.D. & Cortecs Ltd) in A D S O L
Raffinose (0.27M) (SIGMA).
Iso-osmotic phosphate buffer and imizadole buffer as per Dacie and Lewis
[17]. All other reagents were standard reagents from standard suppliers.

228

REFERENCES
1.

Stites,P. and A.I. Terr, Basic and Clinical Immunology, 7th Ed.,

Prentice-Hall International Inc., U.S.A., 1991.

2. Petz, L.D., et al., Ed. Clinical Practice of Transfusion Medicine. 3rd
Churchill Livingstone Inc., U.S.A., 1996.
3.

Ovid, Ovid's Metamophoses., Cornhill, Boston., 1941.

4.

Issitt, P.D., Ed. Applied Blood Group Serology., 3rd Ed., Montgomery

Scientific Publications, 1985, Miami.,1-35, 132-168, 219-277.
5.

Archer, G.T. 'The Preservation of Blood". in Australian Society o

Blood Transfusion Symposium. 1974. Canberra.
6.

Blundell, J., Med. Chir. Trans., 1818. 9, 56.

7.

Landsteiner, K., Zentrabl Bakteriol, 1900. 27, 361.

8.

Zmijewski, C M . and J.L. Fletcher, Immunohaematology.

2nd Ed.,

Appleton-Century-Crofts, N e w York., 1972.
9.

Landsteiner, K., Wien. Klin. Wochenschr., 1901. 14, 1132.

10.

Levine, P. and R.E. Stetson, JAMA, 1939. 113, 126.

11.

Landsteiner, K. and A.S. Wiener, in Proc Soc Exp Biol, 1940. N e w

York.
12.

Rosenfield, R.E., Transfusion, 1989. 29, 355.

13.

Hoffbrand, A.V. and S.M. Lewis, Postgraduate Haematology. 3rd Ed.,

Churchill Livingstone, N e w York., 1989.
14.

Bauer, D.C. and A.B. Stavitsky.,Proc. Nat. Acad. Sci., 1961. U S A .

15.

Mollison, P.L., C.P. Engelfriet, and M . Contreras, Blood Transfusion in

Clincal Medicine., 9th Ed., Blackwell Scientific Publications, 1993.
16.

Hopkins, D.F., Brit. J. Haemat., 1969. 17, 597.

229

17.

Dacie, S.J.V. and S.M. Lewis, Practical Haematology, 8th Ed.,

Churchhill Livingstone, 1995.
18.

Walker, R.H., Ed. Technical Manual: American Association of Blood

Banks., 11th Ed, American Association of Blood Banks, Bethesda, 1993.
19.

Watt, J. Basic Blood Grouping

and Antibody

Workshop. 1994.

National Blood Group Reference Laboratory.
20.

Mollison, P.L., C.P. Engelfriet, and M . Contreras, The Rh Blood Group

system., in Blood Transfusion in Clinical Medicine, Blackwell Scientific
Publications, Oxford, 1993, 204-245.
21.

Colin, Y., et al., Blood, 1991. 78, 2747.

22.

Stratton, F., Nature, 1946. 158, 25.

23.

Jones, J., M.L. Scott, and D. Voak, Transfusion Medicine, 1995. 5, 171-

184.
24.

Schenkel-Brunner, H., Human

Blood Groups, Springer-Verlag Wein,

N e w York., 1995.
25.

Jandl, J.H., Blood-Pathophysiology, Blackwell Scientific Publications,

Oxford., 1991.
26.

Giblett, E.R., Genetic markers in Human

Blood, Blackwell Scientific

Publications, Oxford and Edinburgh, 1969.
27.

Ottenberg, R., /. Exp. Med., 1911,13, 425.

28.

Ottenberg, R., Ann. Surg., 1908, 47, 486.

29.

Rosenfield, R., Mt SinaiJ Med, 1974, 41, 626.

30.

Moss, W.L., Bull Johns Hopkins Hosp, 1910, 21, 63.

31.

Moreschi, C , Zbl. Bakt., 1908, 46, 49 & 456.

32.

Coombs, R.R.A., A.E. Mourant, and R.R. Race, Br J Exp Pathol, 1945.

26,225.

230

33. Nwosu, T.N. and B. Danielsson, Bulletin of Electrochemistry, 1992.
8(5), 239-255.
34.

Clark, L.C and C. Lyons, Ann NY Acad Sci, 1962. 102, 2.

35.

T h o m s o n , D., et al. The Novel Ion Channel Switch Biosensor:

Performance in patient sera, in AIMS/AACB

Combined Scientific Meetin

1997. Perth, Australia.
36.

Kanatzidis, M.G., C & EN, 1990. (Dec 3rd), 36-54.

37.

Diaz, A.F. and J. Bargon, Electrochemical Synthesis of Conducting

Polymers, in Handbook of Conducting Polymers, (Eds: T.A. Skotheims.),
Marcel Dekker Inc, N e w York, 1986, 81-115.
38.

Bartlett, P.N. and P.R. Birkin, Synthetic Metals, 1993. 61, 15-21.

39.

Baughman, R.H., Makromolecular Chemistry, 1991. Macromolecular

Symposium 51, 193-215.
40.

Sadik, O. and G.G. Wallace, Anal. Chim. Acta, 1993. 279, 209.

41.

Ikariyama, Y. and W.R. Heineman, Analytical Chemistry, 1986. 58,

1803.
42.

Sung, J.Y. and H.J. Huang, Anal. Chim. Acta., 1991. 1991(246), 275.

43.

John, R., D. Ongarato, and G.G. Wallace, Electroanalysis, 1996. 8, 623

44.

M o m m a , T., et al., Bull. Chem. Soc. Jpn., 1995. 68, 1297.

45.

Okada, T., et al., Anal Chim. Acta., 1992. 266, 89.

46.

Shiu, K.K., S.K. Pang, and H.K. Cheung, Journal of Electroanalytica

Chemistry, 1994. 367, 115-22.
47.

Barisci, J.N., et al, Electroanalysis, 1996. 1996(8), 330.

48.

Barnett, D., et al, Analyst, 1994. 119,1997.

49.

John, R., et al, J. Electroanal. Chem., 1991. 319, 365-371.

231

50. Adeloju, S.B., J.N. Barisci, and G.G. Wallace, Anal. Chim. A
332,145.
51.

Adeloju, S.B., S.J. Shaw, and G.G. Wallace, Analytica Chimica Acta

1993. 281, 611-620.
52.

Schumann, W., et ah, Sens. Actuators, 1990. Bl, 537.

53.

You Han, B.F.Y., et al, Anal. Chem., 1993. 65, 2065.

54.

Nishizawa, M., T. Matsue, and I. Uchida, Anal Chem., 1992. 64, 2642

55.

Foulds, N.C. and CR. Lowe, Analytical Chemistry, 1988. 60, 2473.

56.

Wang, J. and K. Varughese, Analytical Chemistry, 1990. 62, 318-3

57.

Klein, J. and F. Wagner, Methods for the Immobilisation of Mi

Cells, Academic Press, N e w York., 1983.
58.

Riedel, K., Whole-Cell

and Tissue Sensors, in Food

Biosens

Analysis, (Eds: G. Wagner and G.G. Guilbaults.), Marcel Dekker, N e w York,
1994,123-150.
59.

Gamati, S., S.H. Luang, and A. Mulchandani, Biosens. Bioelectron

1991. 6,125.
60.

Thavarungkul, P., H. Hakanson, and B. Mattiasson, Anal.Chim. Acta

1991. 249,17.
61.

Connor, M.P., et al, Anal Chim. Acta, 1990. 229, 139.

62.

Wang, J. and N. Naser, Anal. Chim. Acta., 1991. 242, 259.

63.

Fiechter, A., Ed. Application

of Biocatalysts

Immobilised

Prepolymer Methods, 1984, Springer Verlag Berlin.
64.

Matsunaga, T., I. Karube, and S. Suzuki, Anal Chim. Acta., 1978.

233-239.

232

65.

Hall, E.A.H., et al, Polymeric Environments for Proteins and Whole

Cells in Molecular Sensors, in Uses of Immobilised Biological Compounds,
(Eds: G.G. Guilbault and M . Mascinis.), Kluwer Dordrecht, 1993,11-21.
66.

Deshpande, M.V. and E.A.H. Hall, Biosensors and Bioelectronics,

1990. 5,431-448.
67.

Aizawa, M., S. Kato, and S. Suzuki, Journal of Membrane Science,

1980. 7,1-10.
68.

Josowicz, M . and J. Janata, Electroactive polymers in chemical sensor

in Applications of Electroactive Polymers, (Eds: B. Scrosatis.), Lindeman &
Hall, London, 1993.
69.

W a n g , J., Analytical Chemistry, 1993. 65(12), 450R-453R.

70.

Cardosi, M.F. and A.P.F. Turner, The realisation of electron transf

from the biological molecules to electrodes., in Biosensors, (Eds: A.P.F
Turner, I. Karube, andG.S. Wilsons.), 257-275.
71.

Price, C.P. and D.J. N e w m a n , Ed. Principles and Practice of

Immunoassay. 1991, Stockton Press, Great Britain.
72.

Bardeletti, G., F. Sechaud, and P.R. Coulet, Amperometric

Enzyme

Electrodes for Substrate and Enzyme Activity determinations, in Biosenso
Principles and Applications, (Eds: L.J. Blum and P.R. Coulets.), Marcel
Dekker, Inc, 1991.
73.

Frew, J.E. and H.A.O. Hill, Analytical Chemistry, 1987. 59(15), 933A-

944A.
74.

Sharma, A. and K.R. Rogers, Measureable Scientific Technology, 1994.

5,461-472.
75.

Contractor, A.Q., et al, Electrochimica Acta, 1994. 39(8/9), 1321-1324.

76.

L o w e , C.R., et al, The Clinical Biochemist- Reviews, 1992. (February)

22-26.

233

77.

Quinn, J.G., et al, J. Immunol. Meth., 1997. 206, 87-96.

78.

Skotheim, T.A., R.L. Eisenbaumer, and J.R. Reynolds, Ed. Handbook

of Conducting Polymers, 2nd Ed., 1997, Marcel Dekker, N e w York.
79.

Sobkowiak, A. and J.L.J. Roberts, Electrochemistry for Chemists, Wile

Interscience Publications, N e w York, 1995.
80.

Rieger, P.H., Electrochemistry. Chapman & Hall, N e w York., 1994.

81.

Koryta, J., J. Dvorak, and L. Kavan, Principles of Electrochemistry

John Wiley & Sons, N e w York., 1993.
82.

Brett, C.M.A. and A.M.O. Brett, Electrochemistry Principles, Method

and Applications, Oxford University Press, Oxford., 1993.
83.

Browning, D.R., Ed. Electrometric Methods, 1969, McGraw-Hill.

London.
84.

Garner, B., et al, J. Mat. Sc: Materials in Medicine , 1998, 10, 19-27

85.

A d a m s , R.N., Electrochemistry at Solid Electrodes.

Marcel Dekke

N e w York, Basel, 1969.
86.

Fung, Y. and P. Saunders, Detecting analytical assays, in Lab News

1995,17.
87.

Skoog, D.A. and D.M. West, Principles of Instrumental Analysis.

Saunders College Publishing, Philadelphia, 1971.
88.

Skoog, D.A., D.M. West, and F.J. Holler, Fundamentals of Analytical

Chemistry, 6th Ed., Saunders College Publishing, Philadelphia, 1992.
89.

Baizer, M . M . and H. Lund, Ed. Organic

Electro chemistry-an

introduction and a guide, 2nd Ed, Marcel Dekker Inc, N e w York, 1983.
90.

Schuhmann, W., Mikrochimical Acta, 1995. 121, 1-29.

91.

Imidsides, M.D., et al, Electroanalysis, 1991. 3, 879.

92.

Cottrell, F.G., Z. Phys. Chem, 1903. 42, 385.

234

93.

Lyons, M.E.G., Ed. Electroactive Polymer Electrochemistry, Part

Fundamentals, Plenum Press, N e w York., 1994 .
94.

Kissinger, P.T., Current separations, 6(4), 62-64.

95.

John, R., Electrochemical Studies of Heterocyclic Conducting

Polymers., in Chemistry, 1992, The Wollongong University: Wollongong,
294.
96.

Yoshida, K., Electrooxidation in Organic Chemistry, John Wiley &

Sons, 1984.
97.

Di

Gleria, K.

and

H.A.O.

Hill, New

Developments

in

Bioelectrochemistry, in Advances in Biosensors, (Eds: A.P.F. Turners.), JA
Press Ltd., 1992,53-78.
98.

Wring, S.A. and J.P. Hart, Analyst, 1992. 117, 1215-1229.

99.

Davis, G., Cyclic Voltammetry studies of enzymatic reactions for

developing mediated biosensors., in Biosensors, (Eds: A.F.P. Turner, I.
Karube, andG.S. Wilsons.), 247-256.
100.

Schuhmann, W . and H.-L. Schmidt, Amperometric Biosensors for

Substrates of Oxidases and Dehydrogenases., in Advances in Biosensors,
(Eds: A.P.F. Turners.), JAI Press Ltd, 1992, 79-120.
101.

W a r d , M.D., Principles and Applications of the EQCM, in Physical

Electrochemistry, (Eds: I. Rubinsteins.), Marcel Dekker, Inc., 1995, 293-338.
102.

Baker, C.K. and J.R. Reynolds,;'. Electroanal. Chem., 1988. 251, 307-322

103.

Bruckenstein, S. and M . Shaw, Electrochimica Acta, 1985. Vol 30 (10),

1295-1300.
104.

Hillman, A.R., et al, J. Chem. Soc. Faraday Trans., 1991. 87(13), 204

2053.
105.

Naoi, K., M . Lien, and W . H . Smyrl, /. Electrochem. Soc, 1991. 138(2),

440-445.

106.

Peres, R.C.D., M.A. D e Paoli, and R.M. Torresi, Synthetic metals, 1992,

48,259-270.
107.

Shana, Z.A., et al, Journal of Electroanalytical Chemistry, 1994. 379

21-23.
108. Buttry, D.A. and M. Ward, Chemical Reviews, 1992, 92(6), 1355-1379.
109.

Mirmohseni, A., Electroseparations using Conducting

Membranes,
110.

Polymer

in Chemistry, 1994, The Wollongong University: Wollongong.

Deutscher, R.L., S. Fletcher, and J.A. Hamilton, Electrochimica Acta,

1986. 31(5), 585-589.
111. John, R. and G.G. Wallace, Journal Electroanalytical Chemistry, 1993.
354,145-160.
112.

Hodgson, A.J., et al, Supramolecular Science, 1994. 1, 77-83.

113.

Lajtha, L.G., Labelling of Erythrocytes, in The Use of Isotopes in

Haematology,, 1961, 8-30.
114.

Langard, S., Applications of 51 chromium

in cell biology and

medicine., in Biological and Environmental Aspects of Chromium,, 1982,
101-113.
115.

Coulter Electronics, I., Coulter S-Plus4 Product reference manual,

Technical communications Coulter Electronics, Hialeah, USA., 1983.
116.

Bain, B., Blood Cells. A Practical Guide, 2nd Ed., Blackwell Science

Ltd, London, 1995.
117.

W i d m a n n , F.K., Clinical Interpretation of Laboratory Tests, 9th Ed,

Publishing Pte Ltd, H o n g Kong, 1985.
118.

Vettore, L., et al, Acta Haematology, 1984. 72, 258-263.

119.

Lee, G.R., et al, Wintrobe's Clinical Haematology, in Wintrobe's

Clinical Haematology,, Lea & Febiger, Philadelphia,London, 1993.

236

120.

Hoffman, R., et al, Hematology Basic Principles and Practice, 2nd

Churchill Livingstone, N e w York, 1995.
121.

Radiometer Medical, A., ABL50

Users Handbook, Copenhagen,

Denmark, 1994.
122.

Butt, H.J., et al, Journal of Structural Biology, 1990. 105, 54-61.

123.

Archer, G. and G. Parker, Walsh and Wards A Guide to Blood

Transfusion, 5th E d , U D O S Pty, Ltd for Australian Red Cross Society ( N S W
Division) and Blood Transfusion Service, Sydney, 1990.
124.

Cohen, J.J. and J.P. Kassirer, Acid-Base. Little,Brown and Company,

Boston, 1982.
125. Issitt, P.D. and D.J. Anstee, Applied Blood Group Serology, 4 Ed,
Montgomery Scientific Publications, Durham, USA., 1988.
126.
and

Carrell, R.W. and C

Winterbourn. Red Cell Metabolism: Oxidation

Senescence in Australian Society of Blood Transfusion Symposium.

1974. Canberra.
127.

Eastham, R.D. and R.R. Slade, Clinical Haematology, 7th Ed,

Butterworth Heineman, 1992.
128.

Meryman, H.T., et al, Vox Sang, 1991. 60, 88-98.

129.

Pittiglio, D.H., Ed. Modern Blood Banking and Transfusion Practices.

1983, F.A. Davis Company, Philadelphia.
130.

Heaton, A., et al, British Journal of Haematology, 1984. 57, 467-478.

131. Judkiewicz, L., et al, American Journal of Haematology, 1987. 26, 89
91.
132.

Tietz, N.W.(Ed), Fundamentals in Clinical Chemistry. 6th Ed., W.B.

Saunders Co., Philadelphia, London and Toronto, 1986.

237

133.

Voycheck, C L . and J.S. Tan, Ion-containing Polymers and their

Biological Interactions, in Polyelectrolytes, (Eds: H. Masanoris.), Mar
Dekker, Inc, 1993, 299-388.
134.

Ravve, A., Principles of Polymer Chemistry. Plenum Press, 1995.

135.

Guyton, A . C , Textbook of Medical Physiology, 7th Ed, Saunders, W.B.

Company, 1986.
136.

Lukkari, J., Materials Science Forum, 1995. 191, 219-224.

137.

Skakalova, V. and P. Fedorko, Macromolecular

Chemistry and

Physics, 1994. 195, 2523-2529.
138.

Faulkner, L.R., C&EN, 1984. (Feb 27), 28-43.

139.

Volke, J. and F. Liska, Experimental Factors and

Methods

of

Investigation, in Electrochemistry in Organic Synthesis,, Springer-Verla
Berlin, 1994, 14.
140.

McGilvery, R.W., Biochemistry, a functional approach, W.B.

Saunders company, Philadelphia, 1970.
141.

Bartlett, P.N. and J.M. Cooper, Journal of Electroanalytical Chemistr

1993. 362,1-12.
142.

Somogyi, P. and A.J. Hodgson, / .Histochem. Cytochem., 1995. 33, 249.

143.

Hodgson, A.J., M.J. Spencer, and G.G. Wallace, Reactive Polymer,

1992.18, 77.
144.

Hodgson, A.J., et al. Integration of biocomponents with synthetic

structures-Use

of

conducting

polymer

composites, in SPIE-

International Society for Optical Engineering.

The

Smart Structures and

Materials. 1996. San Diego: Society of Photo-optical Instrumentation
Engineers.
145.

Otero, T.F., R. Tejada, and A.S. Elola, Polymer, 1987, 28(April), 651-658.

238

146. Moeller, T., et al, Chemistry - with Inorganic Qualitative Analysis
2nd Ed, Academic Press, 1984.
147.

Riemann, F., U. Z i m m e r m a n , and G. Pilwat, Biochimica et Biophysica

Acta, 1975. 394, 449-462.
148.

Z i m m e r m a n , U., Biochimica et Biophysica Acta, 1982. 694, 227-277.

149.

Kinosota, K. and T.Y. Tsong, Nature, 1977. 268, 438-440.

150.

Rudenko, S.V. and S.V. Patelaros, Biochimica et Biophysica Acta,

1995.1235,1-9.
151.

Williams, W.J., et al, Haematology, McGraw-Hill Book C o m p a n y ,

Sydney, N e w York etc, 1972.
152.

Card, R.T., Transfusion Medicine Reviews, 1988, 2,(1 (March)), 40-47.

153.

Wolfe, L.C, Transfusion, 1985. 25(3 (May-June)), 185-203.

154.

Snyder, E.L., et al, Transfusion, 1983. 23, 165-166.

155.

Myhre, B.A., S. Demaniew, and E.J. Nelson, Transfusion, 1984. 24, 499-

501.
156.

Rosenfield, R.E., S. Kochwa, and Z. Kaczera. Solid phase serology for

the study of human

erythrocyte antigen-antibody reactions in 15th Cong

Int. Soc. Blood Transfusion. 1976. Paris.
157.

Lin, Y. and G.G. Wallace, Electrochmica Acta, 1994. 39(10), 1409-1413.

158.

M u n n s , P.L. and K.L. Leach, Free Radical Biology and Medicine, 1995

18(3), 467-478.
159.

Morimoto, Y., et al, Biological and Pharmacological Bulletin, 1995.

18(11), 1535-1538.
160.

Klonk, S. and B. Deuticke, Biochimica et Biophysica Acta, 1992. 1106,

126-136.

239

161.

Gibson, T.D., et al, The stabilisation of Analytical Enzymes using

Polyelectrolytes and Sugar Derivatives., in Stability and Stabilisati
Enzymes, (Eds: W . V a n den Tweel, A. Harder, andR.M. Buitelaars.),
Elsevier, 1993, 337-346.
162.

Currie, A.W., Fixation and lmmunocytochemistry., in Basic Histology

and Cytology, (Eds: A . W . Curries.), 1988, 9-12,129-134.
163.

Pearse, A.G.E., Fixation in Histochemistry: Theoretical and Applied

1980,123-144.
164.

Herz, F. and E. Kaplan, Proceedings of Society of Experimental

Biological Medicine, 1973, 144, 1017-1019.

165. Jost, P., U.J. Brooks, and O.H. Griffith, Journal of Molecular Biology,
1973, 76(0022-2836), 313-318.
166.

Steck, T.L., Journal of Molecular Biology, 1972, 66, 295-305.

167.

Sullivan, S.G. and A. Stern, Biochimica et Biophysica Acta, 1984, 774,

215-220.
168.

Bisby, R.H., S. A h m e d , and R.B. Cundall, Biochemical and Biophysical

Research Communications, 1984, 119(1), 245-251.
169.

Suttorp, N., W . Toepfer, and L. Roka, American Physiological Society,

1986,251(cell physiology 20), C671-C680.
170.

Cohen, G. and P. Hochstein, Bichemistry, 1963, 2(6), 1420-1427.

171.

Aiken, N.R., W.R. Galey, and J.D. Satterlee, Biochimica et Biophysica

Acta, 1995. 1270, 52-57.
172.

P h a m , M.C. and J.E. Dubois, /. Electroanal. Chem., 1986, 199, 153-164.

173.

Jackson, J.K., C L . Winternitz, and H.M. Burt, Biochimica et

Biophysica Acta- biomembranes, 1996, 1281(1), 45-52.
174.

Deuticke, B., K.B. Heller, and C.W.M. Haest, Biochimica et Biophysica

Acta, 1986. 854,169-183.

