THE UNIVERSITY OF

7 WAIKATO Research Commons

gty 16 Whare Winanga o Waikato

http://researchcommons.waikato.ac.nz/

Research Commons at the University of Waikato

Copyright Statement:

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand).

The thesis may be consulted by you, provided you comply with the provisions of the
Act and the following conditions of use:

e Any use you make of these documents or images must be for research or private
study purposes only, and you may not make them available to any other person.

e Authors control the copyright of their thesis. You will recognise the author’s right
to be identified as the author of the thesis, and due acknowledgement will be
made to the author where appropriate.

e You will obtain the author’s permission before publishing any material from the
thesis.


http://researchcommons.waikato.ac.nz/

Novel Compounds for Immunoassay of Small

Biomolecules

This thesis is submitted in partial fulfilment of the requirements of the degree of
Doctor of Philosophy in Chemistry at the University of Waikato

University
of Waikato

Te Whare Wananga
o Waikato

John Stanton Mitchell
University of Waikato
2005



Abstract

A series of progesterone-4-ovalbumin conjugates with different length
intermediate linkers were applied as coating antigens in an enzyme-linked
immunosorbent assay (ELISA) format to determine antibody-binding
performance and assay parameters in cow whole milk. The use of an 18-atom
linker gave higher binding than 4- or 11-atom linkers but no further increase was
seen with increasing linker length. An ELISA constructed with the 18-atom linker
conjugate gave a detection limit of 0.089 ng/mL progesterone and correlated well
to an established radioimmunoassay procedure (r = 0.94). The assay has the
advantages of a wide linear range (0.1 to 100 ng/mL) enabling full profiling of
bovine estrous cycles, use of whole milk directly without extraction or pre-
dilution, and employing more easily purified protein conjugates as coating
antigens compared with commercial progesterone-enzyme conjugates.

Thioether-bridged derivatives of 17B-estradiol and estrone were produced with
attachment at the 4-position of the aromatic A-ring using aromatic substitution of
the corresponding bromoestrogens. These thioether derivatives were then
modified further to attach oligoethylene glycol or polyethylene / polypropylene
glycol chains of varying length (n = 3 and n = 15-19). The estradiol-oligoethylene
glycol derivative was immobilised in situ in a surface plasmon resonance (SPR)
biosensor and its antibody binding compared to conjugations through the steroid
2-position by Mannich reaction and the 3-position by hemisuccinate conjugation.
2-position conjugation gave 19% more binding than 4-position and 3-position
hemisuccinate gave negligible binding to the antibody raised to a 6-position
conjugate. The chip surfaces were then used to construct SPR assays of estradiol
with and without secondary antibody signal enhancement and gave limit of
detection (LOD) as low as 25 pg/mL.

Thioether-bridged derivatives of the catecholamines dopamine, nor-
epinephrine and epinephrine were synthesised by electrolysis of the parent
catecholamine to produce the corresponding o-quinone and then simply adding a
thiol of three or 11-carbons in length with a terminal carboxylic acid function. A
convenient cationic exchange method was developed for purification of the

dopamine and nor-epinephrine products, whilst the epinephrine derivatives could



iii

be purified on normal-phase silica. These reactions and separations were
followed by reversed-phase HPLC. The dopamine propionate derivative was
applied as coating antigen by in situ surface assembly with two different linkers
and compared to conjugation through the amine. The antibody raised to a
glutaraldehyde-linked conjugate showed highest binding to the amine-conjugated
surface.

New surface plasmon resonance biosensor formats were developed using gold
nanoparticles to amplify the binding signal of progesterone / antibody binding
interactions. A very stable sensor surface with progesterone immobilised via an
oligoethylene glycol chain was produced capable of withstanding more than 1100
binding and regeneration cycles without appreciable loss of binding capacity.
Gold labelling of the monoclonal antibody was achieved via a biotin/streptavidin
couple in both a preincubation of biotinylated antibody with streptavidin gold and
a sequential addition of antibody and then gold label. Preincubation gave no
signal enhancement but lowered the detection limit of the assay to 143 pg/mL
compared with previous reports which had detection limited to 1 ng/mL.
Sequential labelling resulted in a two-fold enhancement of signal and the
detection limit was reduced to 23.1 pg/mL. Labelling with a secondary antibody
alone produced signal enhancements of eight-fold and when secondary antibody
was conjugated to colloidal gold it produced enhancements of 13-fold. The
secondary antibody-gold labelling gave LOD of 8.6 pg/mL. There was no
difference in enhancement between 10 and 20 nm colloid for the biotin/
streptavidin couple and colloid size did not affect enhancement for the secondary
antibody-mediated format. This study is the first successful development of
nanoparticle signal-enhanced immunoassay for small molecules using SPR and
demonstrates how assay performance may be improved to levels comparable to or
better than existing ELISA.
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Chapter 1 - Introduction

This chapter will cover firstly the basic theory and technology behind modern
biosensors before moving on to showing how these technologies have been
applied to the target molecules of relevance to this thesis, i.e. the steroid hormones
and catecholamines. This is followed by a more detailed analysis of the chemistry
of steroid hormone and catecholamine conjugation as applicable to biosensors and
the chapter finishes by examining how this thesis covers several opportunities in

optical biosensor research for small molecule analytes.

1.1 Biosensor Technology

1.1.1 Biosensing and Biomimetic Sensing

A biosensor may be defined as a system that converts biochemical states and
changes in these states into an electrical response’ with the purpose of gathering
information concerning parameters in a sample. Biosensors should consist of a
site (usually a modified surface) in which a biochemical interaction takes place, a
system for delivering components to this site, e.g. a microfluidics system, a signal
transduction device to convert the biochemical changes into an electrical signal, a
data display and / or storage system and usually a system for regenerating the
sensor ready for the next cycle. Biosensors may be represented schematically by
the box diagram in Figure 1.1. The normal parameter being measured is the
concentration of a particular analyte or analytes in a given sample. Biosensors
may be classified according to the type of biochemical interaction employed, the
type of signal transduction system used and according to the sensor target or
analyte.

The most common biochemical interaction employed in diagnostics is the
binding of an antibody to its target in the sample being analysed. This interaction
is mostly used in immunoassays such as enzyme-linked immunosorbent assay

(ELISA) but is also widely used in biosensors called immunosensors. Other



biosensor interactions can include enzyme catalysis and receptor / target
interactions as well as microbe-mediated and deoxyribonucleic acid (DNA)-
mediated interactions.” Transduction systems for immunoassays and biosensors
include a wide range of technologies such as colorimetric changes catalysed by
enzymes conjugated to antibodies as in ELISA, changes in electrical properties of
the detection surface as in printed electrode systems, or changes in optical
properties of the surface as in surface plasmon resonance (SPR) and spectroscopic

properties as in surface-enhanced raman spectroscopy (SERS).

(

Change in Physical
Parameter Signal

—_— Transducer ——»| Processor

Functionalised Binding Surface

Figure 1.1 Biosensor Box Diagram

Immunosensors and immunoassays will form the main discussion in this thesis
but it is worthwhile to consider the other biological interactions possible.
Enzyme-based sensors were the first biosensors and are highly favoured due to
their high specificity and the possibility to quite simply follow the throughput of
chemicals in the active site. The usual methods of transduction are via
amperometric or potentiometric determinations. Such systems have found wide
application in detection of neurotransmitters and most famously in glucose
sensors. It is also possible to use these systems to determine quantities of
enzyme-inhibiting compounds. Microbe-based biosensors utilise the physiological
changes in specific microorganisms to determine the quantities of the substances
inducing these changes.

DNA biosensors utilise the specific binding interaction between
complementary strands of DNA to detect the target. This technique is very useful

for specifically identifying DNA strands that may be specific to a particular



organism’ or even to bind to intercalating targets such as certain aromatic
compounds.® Variations in just one base pair can greatly compromise binding
giving rise to excellent specificity. This field is presently underdeveloped and is
emerging as an important new biosensing platform. Nanotechnology is further
boosting the options for biosensors with the unique electrical properties of carbon
nanotubes being utilised to produce highly specific biosensors.’

As well as a vast number of proper biosensing systems there is also growing
interest in biomimetic sensors, which employ chemical systems designed to
mimic a biological recognition system. Perhaps the most well known of these
systems are the molecularly imprinted polymer (MIP) sensors. These sensors
employ a specially constructed polymer, which contains binding sites specific to a
particular chemical compound.®

Immunosensors are a large and growing field and incorporate the advantages of
high specificity, high binding affinity, broad applicability to any compound of
sufficient size and functional characteristics and a wide range of applicable
transduction technologies.  Allied to the field of biosensors is that of
immunoassays, techniques for the detection of concentrations of a target analyte
by utilising the binding interaction between antibody and target. Biosensors are
normally applied with the intention of using them in on-site or in-the-field
situations whereas immunoassay includes the fields of ELISA and
radioimmunoassay (RIA). In order to understand the functioning of immuno-

detection systems it is necessary to have knowledge of antibody theory.
1.1.2 Antibody Theory

An antibody is a protein synthesised by the B-lymphocytes and subsequently
excreted into plasma.7 They are produced by the body of a vertebrate in response
to a foreign agent and are generally referred to as immunoglobulins (Ig). In their
monomeric state, Ig molecules are composed of two identical halves that are
bound to each other via disulphide bridges. Each half consists of two chains, a
heavy glycosylated chain (about 50 kDa) and a light non-glycosylated chain
(about 25 kDa) connected by one disulfide bridge to be found close to the
carboxyl end of the light chain. Altogether the molecule has a Y-shaped



configuration and is about 150 kDa. The heavy chain can also be further

subdivided into the Fc and Fab regions. The Fc region is located at the carboxyl
terminal and is bound to carbohydrate chains. The Fab region is located at the
amino terminal. Each chain can also be divided into domains of ~110 amino acid
residues. For immunoglobulin G (IgG) antibodies there are four in the long chain

and two in the short. Basic IgG structure is shown in Figure 1.2
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Figure 1.2 IgG structure’

There are also constant regions of low amino acid variability (constant or C
region) and of high amino acid variability (variable or V region) from molecule to
molecule. Protein folding of the variable regions of one light (VL) and one heavy
(Vu) chain forms a groove that can accommodate the antigen. In an IgG
molecule, two antigen molecules can be bound. The antigen is held into place by
the antibody through several interactions:

1. Hydrogen bonding: between carboxyl oxygens and amino groups



2. Ionic interactions: these include electrostatic interactions between protein
antigens and antibody amino acid residues

3. Hydrophobic interactions: if an antigen orients its non-polar groups
inwards and its polar functionalities outwards into the polar aqueous
solvent then a hydrophobic pocket would be established enabling
thermodynamically favourable binding to the hydrophobic antibody
binding site.®

The constant region is used for certain secondary biological functions such as
complement and macrophage binding. There are five main classes of
immunoglobulin: IgG, IgD, IgM, IgE and IgA and these are distinguished by the
type of heavy chain (y, 6, p, €, o respectively). The light chains can also be
divided into two classes (x and A) the ratio of which can vary from species to
species. Each of these classes is known as an isotype.

Antibodies are employed as part of what is known as an immune response,
defined as “altered reactivity to a specific molecular configuration that develops
following contact with it”.® To be immune the response must also be specific to a
certain molecular structure and be repeated through successive exposures to this
structure. An immune response can be humoral, as in the case of antibody
immune responses, or cell-mediated. The substance that, when introduced to an
organism, elicits an immune response is known as an antigen and can be said to be
immunogenic. Immunogenic antigens must be of a molecular mass greater than
about 2 kDa; smaller compounds must be coupled to a large carrier (usually a
protein) in which case they are known as haptens, e.g. 17B-estradiol — bovine
serum albumin (BSA) conjugates. Smaller molecules are not immunogenic,
usually because they do not have suitable sites for simultaneous binding of a class

II protein and a T-cell receptor, a vital part of antibody production.
1.1.3 Monoclonal Antibodies

Antibodies produced by simple immunisation of vertebrates will lead to
production of polyclonal antibodies, that is a mixture of different antibody types
directed to different parts of the antigen (antigenic determinants). Each antibody

has somewhat different specificities and affinities and so this may cause problems



in certain assay formats where discrete specificities and affinities are required.
Monoclonal antibodies, immunoglobulins with a discrete affinity and specificity
directed to one epitope of the antigen, are produced by fusing B lymphocyte cells
from the spleen with myeloma cells (cancerous immune system cells) after
immunisation. The fused cells are then screened for correct antibody production,
isolated and cloned and re-tested before culture as required, thus allowing large-
scale production of the desired monoclonal antibody. Monoclonal antibodies are
the preferred choice for immunoassay and are used for immunoassays described

throughout this thesis.
1.1.4 Radioimmunoassay

Having discussed the basic theory of antibodies it is now best to consider the
ways in which antibodies may be employed in immunoassay formats.
Immunoassay relies upon a means of transduction and it is this that generally
defines the types of immunoassay. The earliest form of immunoassay is
radioimmunoassay, which detects binding between antibody and antigen by
means of labelling either the antibody or the antigen with a radiochemical label,
the radiation of which can be easily detected.

The first radioimmunoassay was developed for insulin in plasma by Berson
and Yallow in 1960° and the technique has since then expanded greatly into a
range of target antigens and radiolabels. The basic principle is to attach a label
containing a radioactive isotope (commonly *H or '®I) to the target analyte with
some kind of molecular spacer in between to ensure antibody binding is not
inhibited. Bound labelled antigen can then be determined by scintillation
counting where counts will be inversely proportional to the amount of antigen
present in the sample.

The usual format for such assays has the antibody bound to a solid surface,
usually a customised micro-well plate and the labelled antigen passed over the
surface either at the same time as the sample (competitive format) or after the
antigen present in the sample has had time to bind (sequential non-competitive

format). The antigen is incubated to allow time to bind and then un-bound



material is washed off the plate and the counts determined. These formats are

illustrated in Figure 1.3.
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Figure 1.3 Competitive and Non-Competitive RIA '

RIA has several advantages, mainly very good sensitivity (down to a few
picograms of analyte per well with high affinity antibodies) and with detection
limits of the order of 10-100 pg/mL in the case of certain steroidal sex
hormones.'' RIA is now well established and has been successfully applied in a
range of media including blood and milk. There are however several major
disadvantages including the need to use and dispose of hazardous radioisotopes,
their relatively high cost ($15-20 per sample) due to the radiolabels, and their
limited shelf life. The radiolabelled compounds are often hard to completely
purify and radiolabels can have a significant effect on antigen binding to
antibodies. These restrictions have prevented radioimmunoassays being adapted
successfully as biosensors for on-site use and has restricted them to laboratory-

based assays only.



1.1.5 Enzyme Immunoassay

The breakthrough that helped enable future practical immunobiosensor
technology was the development of the enzyme immunoassay (EIA) which was
first produced for progesterone in 1975 by Dray et al.'? The principle is much the
same as that for radioimmunoassay except that the radiolabel is replaced by an
enzyme label (commonly horseradish peroxidase (HRP)). The enzyme serves to
catalyse signal generation in three main types of signal agent — colorimetric,
fluorometric and chemiluminescent agents. By so doing, the enzyme produces a
signal far larger than that of the background and enables detection whereby the
response is inversely proportional to the concentration of target analyte in the
sample. There has been a great deal of study in the area of enzyme immunoassay
and these systems may be categorised according to their analyte (antigen or
antibody), the labelled reactant (antigen or antibody), the method of incubation
(competitive or non-competitive) and the way in which the bound and free label
are separated from each other."

Enzyme labelling can be of the antigen or of the antibody and usually,
especially in the case of the antigen, a spacer is inserted between the two to
prevent the label from sterically inhibiting the binding interaction. The most
common method employed is to immobilise the antibody on the surface of a
special microwell plate at appropriate pH by electrostatic interactions and
incubate the sample over the surface either in the presence of the enzyme labelled
antigen or separately (competitive and non-competitive respectively). In this case
the response will be inversely proportional to the concentration of analyte.
Competitive formats are usually used for small molecule antigens, as it is usually
difficult to separate out the antibody/antigen conjugate.'*

An alternative, lesser-used format is to immobilise the antigen on the surface
and then expose the enzyme-labelled antibody simultaneously with the sample to
the surface either after or during a period of incubation between antibody and
sample. This method has been previously employed by the author in assay
formats for progesterone.'o' 15-16 This format requires that for small-sized antigens
they be attached to the surface via a protein that has the required large number of

ionic functionalities for surface attachment. This is done in the form of a protein



conjugate where the attached analyte is referred to as a hapten. These different
formats can be seen in Figure 1.4. In all plate EIA the un-bound portions of the
plastic wells must be blocked with protein (usually BSA, ovalbumin (OVA) or
milk protein) to prevent non-specific binding that would compromise signal

distinction. Between each stage of the assay the plate is washed thoroughly to

remove un-bound material.
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Figure 1.4 Antibody Bound (A) and Antigen Bound (B) EIA

To improve signal to noise ratios it is wise to carefully choose the enzyme label
to ensure that it has a high turnover number, a low Ky, for the substrate and a high

K for the product and that it is highly stable under the conditions of the assay.17
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Enzyme labelling of the antibody may be effected either directly through chemical
modification of the antibody (usually also with an intermediate linker) or through
use of a secondary antibody, i.e. an anti-immunoglobulin antibody conjugated to
the enzyme. The latter method of enzyme labelling enables greater specificity as
it improves the antibody binding cross-section, as there are two specific antibody
binding steps'® and so overall binding specificity is greatly improved. The
secondary antibody-enzyme conjugate does not compromise the ability of the
primary monoclonal antibody to bind either by chemically denaturing the
antibody, blocking the binding site of the antibody by being attached over it or
sterically disfavouring approach of the antigen. Enhancements in specificity are
particularly important when considering complex biological media.  The
secondary antibody is always used somewhat in excess so its immunoreactivity
can be slightly reduced.

In the case of larger molecules (> 2 kDa) it is possible to perform a different
assay format known as a sandwich EIA (Figure 1.5). In this case the antibody is
immobilised to the surface and the sample alone incubated with the antibody. The
surface is then exposed to enzyme-labelled antibody that binds the already bound
antigen, which is of sufficient size to bind to two antibody units at different non-
overlapping epitopes simultaneously. In this format one has the advantage that
the enzyme signal is directly proportional to the amount of analyte, hence one is
directly measuring the analyte concentration rather than doing so indirectly
through measuring the vacant antibody binding sites. A recent example of this
format is the sandwich assay for hepatitis C virus (HCV) core protein from single
hepatocytcs.'9 One can also use antibodies that recognise primary antibody /
antigen complexes such as for digoxin measured clinically.zo

One can classify EIA also according to the separation steps employed.
Heterogeneous EIA has the enzyme label retaining activity after binding to the
antibody/antigen system. This is the more common variety and includes the
much-used ELISA, a schematic example of which is found in Figure 1.6. ELISAs
rely upon the enzyme catalysing the conversion of a substrate that has little or no
colorimetric or fluorescent signal to one that has intense signal. Such substrates
include the common 3, 3°, 5, 5’-tetramethylbenzidine (TMB) using a peroxide
initiator along with HRP to turn from colourless to intense blue, and then to

yellow upon stopping with acid. Other substrates can produce fluorescent or
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chemiluminescent responses and include aequorin, a calcium-activated
photoprotein. The move from colorimetric to fluorescent to chemiluminescent
systems can greatly increase assay sensitivities to the extent that

chemiluminescent detection can give detection limits better than RIA.

e
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Figure 1.5 Sandwich EIA"
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Figure 1.6 Heterogeneous EIA

Homogeneous EIA exposes the sample to an enzyme or modulator-labelled
analyte or antibody that is activated in one solution including the reagent for
signal development of the enzyme. This is known as direct signal modulation.
This obviates the need for washing labelled analyte or antigen away making the
assay much simpler. Modulation of the enzyme may occur by use of steric,
allosteric or ionic effects, enzyme inhibitors, activation of apoenzymes or
cofactors, use of enzyme antibodies and complexing of multiple enzyme systems

by use of a channelling technique. An example is sol particle immunoassay
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(SPIA) for measuring serum cystatin C, whereby the anti-cystatin C antibodies are

coated on colloidal gold particles and the binding to the protein in the sandwich

format is observed directly.?!

Figure 1.7 shows another example, enzyme
multiplied immunoassay technology (EMIT), which functions by an enzyme label

being inhibited by binding of antibody to antigen.
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Figure 1.7 EMIT Homogeneous EIA"

There are many advantages in the use of EIA, principally, the sensitivity is
high (in the case of chemiluminescent assays now generally better than RIA),
reagents are less expensive and last longer, many simultaneous assays can be
done, there is no radioactive hazard, many different formats are available and they
are rapid and simple. Thus far we have considered the range of immunoassays
available as RIA and EIA. However, these assays cannot be practically converted
to use in on-site applications, they are restricted to laboratory use only. They are
often labour intensive, usually take from several hours to two days making them
unsuitable for applications that require timely results, and require a trained
operator. Also, transport to a central laboratory can compromise samples. ELISA
kits have been commercialised for use in certain applications on-site, e.g. milk
progesterone determination for farmers, but have not seen widespread commercial
success due mainly to their high labour requirements and lack of precision.
Another factor to consider is the matrix effect whereby substances present in the
background matrix of the sample can interfere with signal intensity. This can be
minimised to a certain extent by increasing the sensitivity and thus reducing the

volume of matrix per well.2
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A further method for improving sensitivity is to use direct labelling of antigen
or antibody with chemiluminescent or fluorescent labels such as the fluorescent
O-(fluoresceinylmethyl)oxime-progesterone steroid conjugate” or
chemiluminescent acridinium oxime-steroid conjugates® that can be applied in
immunoassay like a radiolabel. EIA can also be adapted to amperometric assays
as has been done for human chorionic gonadotrophin (hCG) on the Clarke oxygen
electrode.”

Immunoassay is of vital importance to the diagnostic market and dominates
such areas as biomedical laboratory testing. Immunoassays, principally through
sandwich ELISA and new signal enhancement labels, are constantly being
developed. Whilst they are not practical for on-site use their principles of
operation are directly applicable to the design and science of biosensors and they
provide an invaluable means of conducting fundamental studies into antibody /
antigen binding interactions. Plate-based immunoassays are static
immunosensing platforms in that the fluid-containing sample and labelled antigen
or antibody does not flow over the immobilised surface in a concerted way. In
most biosensor formats however, the sample and other components do flow over
the immobilised surface as part of an in-line or on-line sensing system and as such
ELISA models do not always match flow biosensor models. Surface plasmon
resonance (SPR) biosensors are one such type of flow-biosensors with many

advantages over ELISA.
1.1.6 Surface Plasmon Resonance

1.1.6.1 The Fundamental Principles

Surface Plasmon Resonance (SPR) is a quantum optical-electrical phenomenon
that occurs at the surface of a SPR active substance when photons of light are
incident upon its surface.”® When a photon of light is incident upon a noble metal
surface it can couple with the electrons in that metal and transfer its energy to
them. This coupling occurs at a specific wavelength that is known as the
resonance wavelength. The electrons then become excited and move as a single

electrical entity known as a plasmon. Coupling will occur when the momentum
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of the incoming photon equals that of the plasmon. The plasmons will move along
the metal setting up an electrical field that extends for about 300 nm from the
surface. If the surface features within 300 nm change, such as in the binding of
proteins, then the plasmon will be perturbed and the wavelength needed for
resonance will shift. Surface plasmon resonance is essentially a charge-density
oscillation existing at the interface of media with dielectric constants of opposite
sign. This charge density wave is associated with an electromagnetic wave and
collectively can be termed a surface plasma wave.”” It is possible to determine the
resonance wavelength optically as other wavelengths will be simply reflected;
hence a plot of reflected light intensity vs wavelength will show a distinct dip at
the point of resonance. The surface is held in a fixed position and the plasmons
are confined to the plane of the surface, so the resonance wavelength can be
determined by scanning through angles of the incident photon beam to the surface
until the resonance angle (8;) is found.” The resonance angle will then correspond
to the angle at which the plane parallel component of the photon momentum
equals the momentum of the plasmon. The angle must be greater than that
required for total internal reflection and the illumination is from the back-side and
is p-polarized onto the prism-coupled gold film.”® Changes in resonance angle
with changing surface coating can be expressed in terms of resonance units (RU)
whereby 1 RU is said*” to be roughly equivalent to a mass change on the surface
of 1 pg/mm’. SPR measurements are effectively measurements of changes in the
refractive index of the surface with 1 RU unit being 1 x 10 of a refractive index
unit allowing much finer measurement than would ever be possible with a
refractomer. A computer plot can then be made of SPR response (RU) vs time
and is known as a sensorgram. A schematic of the SPR system is given in Figure
1.8.

The most commonly used metal that exhibits SPR is gold. In most SPR set-ups
a chip or plate is constructed with a thin layer of gold supporting a polymeric
matrix that has functional groups needed to immobilise coating antigens or
antibodies. A number of “home-made” SPR apparatus have been constructed due
to their comparative simplicity’" ** but perhaps the dominant use of SPR is in
biomolecular interaction analysis using the commercial BIAcore™ format.

BIAcore is extensively used as a research tool for examining antibody / antigcan3 3,
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4. :
receptor / target™, oligonucleotide / complementary oligonucleotide® interactions.

Host / guest binding interactions have also been examined by SPR.*
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Figure 1.8 SPR Schematic Showing Binding Surface and Sensorgram®’

Other companies have developed SPR systems of lower cost than the BIAcore
system, such as Texas Instruments and their Spreeta™ Cell’® ** and Windsor

3 BlAcore continues to dominate the research

Scientific’s IBIS system.
publications however due to its patented carboxy-methylated dextran coated chips

and fluidic control systems.

1.1.6.2 BlIAcore

The BIAcore system works on the basis of a removable self-contained sensor
chip. These chips consist of a glass plate coated with a 50 nm thick gold film and
encased in a plastic covering that can be slotted into the machine. On the gold
surface is a layer of carboxy-methylated dextran with exposed carboxylic acid

groups. The chip when inserted is in intimate contact with a milli-fluidics system,

HNIVERSITY OF WAIKAT(Q
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which has four interconnected channels through which solutions may be passed.
The chip is incubated at a set temperature (usually 25 °C) and is fed by an
injection system, which can take fluids from racks of vials or from a 96-well
microtitre plate. The systems available range from BIAcore X, which is manually
fed, to BIAcore 3000, which is highly automated and can be used for screening of
drug candidates. The binding is observed in real-time by a sensorgram, which is a

plot of the response units vs time.

Either target or recognition compound may be immobilised on the sensor
surface by first activating the carboxylic acid functions by applying N-ethyl-N-(3-
dimethylaminopropyl)-carbodiimide (EDC) with N-hydroxysuccinimide (NHS) to
produce the active ester. The compound to be immobilised is then passed over the
surface at the pH that will produce maximum binding and amide linkages can be
formed with the amino groups of the compound. The optimum pH for
immobilisation can be determined by “pH scouting”, that is passing solutions of
the compound at various pHs over the non-activated surface and assessing the pre-
concentration sensorgrams observed. The compound is concentrated by ionic
interactions with the surface. Optimum pH should give a high sensorgram with an
approximately 45° angle in the binding response. Once the compound has been
immobilised then the remaining un-reacted carboxylic acid functions are
deactivated by reaction with ethanolamine to ensure minimal non-specific binding
and no further immobilisation. Immobilisation can be done automatically to a set
response target or simply through multiple injections of the compound. Upon de-
activation with ethanolamine, normally about 25% of the initial binding response
is lost. Macromolecules are normally immobilised at low concentrations (20-100
pg/mL).* Immobilisation of macromolecules should be done at a pH below the pl
of the protein in question to ensure adequate concentration of the protein in the
dextran layer.*' Immobilisation can also be done through disulphide bridges
formed between thiolated ligand and disulphide modified binding compound or

vice versa.*> Some immobilisation techniques are shown in Figure 1.9.

A newly immobilised sensor surface may require a period of washing to
remove unbound material and several binding cycles may need to be done to

ensure repeatable response. The binding cycle consists of first setting the flow
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rate over the surface; slower flow rates will enable higher binding but naturally
take longer. The normal running buffer is a N-[2-hydroxyethyl]piperazine-N"-[2-
ethanesulfonic acid] (HEPES)-buffered saline with ethylenediaminetetra-acetic
acid (EDTA) and P-20 surfactant (pH 7.4) (HBS-EP). The sample to bind is then
injected and the binding response followed by the rising sensorgram. Once the
binding is finished one will normally observe dissociation of the bound material

from the surface, the rate of which can also be instructive as to the binding

kinetics.
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Figure 1.9 Immobilisation by Active Ester (Left) or Ligand Thiol Coupling
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Once binding is over then the surface must be regenerated. This is done using
a regeneration cocktail and there is an extensive range of these used.*> Common
cocktails include glycine, NaOH, HCI, sodium acetate and chaotrophic reago:nts43
such as acetonitrile. Choice of regeneration cocktail is very important as it must
properly regenerate the surface every time with no residual bound material but
must not strip immobilised compound from the surface. Acidic pHs are favoured
over basic. The regeneration process will ultimately destroy the chip with most
chips only lasting for about 100 cycles. Binding responses are naturally highly
dependent upon pH, temperature, and concentration of both immobilised
compound and binding compound and flow rate. The total binding cycle is

represented in Figure 1.10.
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Figure 1.10 Activation, Immobilisation, and a Complete Binding and
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As mentioned above, the chips have four flow cells that can be monitored
simultaneously. One flow cell is kept as a blank reference cell by activating and
deactivating the chip without immobilisation of antibodies or analytes, so that it
can be used to reference subtract bulk effects in the refractive index changes that
could otherwise swamp the binding interactions. SPR in most applications is only
essentially detecting mass changes on the surface and so small molecules binding
will not be visible to the instrument and cannot be seen in the sensorgrams except
at high concentrations. In order to get good signal one must usually use
compounds of >2 kDa. If one wants to detect small molecule binding to
immobilised antibody then one would have to conjugate the molecule to an
appropriate high mass label, usually a protein. Alternatively of course, one could
simply immobilise the protein conjugate and detect the antibody, which is better
for higher signal as the antibody is larger than BSA or OVA, which are the

common conjugate proteins.

As well as the carboxylic acid functions, BIAcore has chips modified with
disulphide linkages that can be used to attach compounds with thiol
functionalities, such as certain proteins. Other formats used by Texas Instruments
include coating the surface with avidin and then applying biotinylated proteins to

the surface.

BIAcore has proven itself to be an important research tool and as a first step to
designing practical on-site biosensors. It enables direct monitoring of binding
events and immunoassay in real-time including the ability to process sensorgram
data to obtain binding kinetics information. It can be fully automated and runs
can be set up with minimal human interference compared with labour intensive
ELISA. The systems can be adapted to high-volume screening applications*

particularly with the advent of BIAcore 3000.* Other advantages include:
1. The ability to detect in four channels simultaneously
2. The ability to use organic solvents in the buffers

3. The low levels of proteins required for immobilisation (~1 pg of protein is

typically needed to coat one surface)
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4. The system can avoid the use of labels and the synthetic complications and

binding interferences these can involve.

5. The amount of complex at equilibrium can be measured without disturbing

the equilibrium even in the presence of unbound compound

6. The stability of the immobilised ligand can be monitored continuously by

assessing baseline stability and binding capacity with time

The main disadvantage is that the instrument is very expensive to purchase and
uses consumables that are also quite expensive (chips now cost NZ$200-300) and
the machine clearly is completely laboratory based and so is only a model for
development of on-site biosensors. Other applications of BIAcore include

optimisation of fluorescent immunoassay parameters.*

1.1.7 Immunoprobes, Electrochemical Biosensors and Developing

Technologies

Immunoprobes offer the ability to combine immunoassay detection with a
small probe suitable for insertion in-vivo and can yield valuable quantitation of
small biomolecule analytes such as hormones.*’ Such probes are often connected
to electrochemical detectors and the electrochemical detectors are quite
widespread and make use of recent developments in electrode signal

transduction.*®

A field of immunosensing that is emerging as critically important in the field of
drug screening is the miniaturized microarray-based multianalyte assays.*’ These
involve application of antibody microspot arrays for the combinatorial screening
of potential antibody targets. The arrays are scanned by laser based confocal
microscopes and utilise fluorescent tags. These systems have particular use in
identification of viral antigens or allergens in media such as transfusion blood and
require only small samples and greatly reduce laboratory labour.>® Another greatly
promising field of immunosensing is in time-resolved fluorescence detection

using labels such as the lanthanide chelates and these systems lend themselves to
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multianalyte detection because of the number of lanthanide ions that can be

detected simultaneously.”’

1.2 Biosensors for Steroid Hormones and Catecholamines

Having now reviewed the concepts of biosensors and biomimetic sensors and
reviewed immunoassay techniques and then the SPR transduction phenomenon
and its application to biosensing in the form of BIAcore, it is now important to
provide background in the fields of immunosensing study that this thesis will
cover. The first of these is an examination of progesterone — protein conjugates
applied in ELISA of whole cow milk. It is necessary therefore to discuss the
biochemical role of progesterone in the cow and to review the application of milk
progesterone determinations. The second area of interest is to examine biosensing
of the estrogen class of steroid hormones, and then finally sensing technologies,

conjugation and physiology of the catecholamines.

1.2.1 Steroid Hormones

1.2.1.1 Steroid Hormone Chemistry and Immunosensing

1.2.1.1.1 Progesterone Chemistry

Progesterone is a non-aromatic female sex steroid hormone of the pregnane
class, (Figure 1.11). It was first isolated in sow ovaries in 193452335455 [t has a
C-4 — C-5 unsaturation (A*) and a C-3 carbonyl (conjugated olefinic system)
which give rise to its ultraviolet (UV) absorbance at 240 nm.>® Progesterone in
mammals sustains and controls pregnancy and has a major role in estrous and

menstrual cycles.



Figure 1.11 Progesterone

1.2.1.1.2 Bovine Estrous Cycle, Pregnancy and Progesterone

The bovine estrous cycle refers to cyclical changes in the reproductive system
associated with the maturing and release of an oocyte from the ovaries. The
bovine is polyestrus, that is it goes through several such cycles each breeding
season. The cow ovary is composed of a cortex containing the oocytes and
covered by epithelium tissue and a medulla that has the necessary blood vessels
and connective tissue.”’ The primordial follicle (cortex and epithelium) grows and
regresses during the estrous cycle. The estrous cycle is divided into estrus, luteal
and pro-estrus phases with day O set at onset of estrus phase. Correspondingly,
the follicle goes through three phases. The first is the follicular phase where the
granulosa layer forms, the oocyte matures, a fluid filled cavity grows (antrum) and
the follicle swells.”® At this point the follicle either undergoes atresia
(degeneration) or enters the next phase (ovulatory phase). Atresia accounts for all

5% 80 1f the follicle survives it

but ~0.1% of follicles and occurs by apoptosis
passes through phases of growth marked as the primordial, antral and Graafian
before it is ready to ovulate. Approaching ovulation there is swelling to up to 2.5
cm and at ovulation the follicle ruptures and releases follicular fluid along with
the oocyte. Ovulation occurs about 25-30 h after estrus on-set.®" The follicle then
enters the luteal phase in which the cavity left is filled with dividing cells and

forms the corpus luteum (CL) or “yellow body” from which progesterone is
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secreted from about day 4 to day 17 and then the CL regresses enabling the cycle

to start over.

There are 2-4 growth waves of the follicle over the 7-10 days leading up to
ovulation and atresia may occur at any stage and acts to reduce the number of
follicles until dominant follicles are selected, only one of which will ovulate in
each cycle.62’ % The average estrous cycle in a cow is 21 days with a range of 18-
26 days.62 Quiescent interludes are possible where the estrous cycle stops. The
estrus phase lasts 12-16 h and is the period of increased sexual activity, which is
the time for mating to occur. The luteal phase matches that of the follicle and is
the phase of progesterone control. Pro-estrous is the phase of pre-ovulatory
follicle maturity and increases in estradiol and pre-ovulatory luteinising hormone

(LH).

Cyclicity in progesterone concentrations in both blood and milk reflect the
stages of growth and regression in the CL, with near zero progesterone from days
0-4, rising progesterone from days 4-8, plateau at days 8-16 and then decline from

days 16-21 back to near zero in a reasonably predictable cycle, Figure 1.12.
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1.2.1.1.3 Progesterone as a Physiological Marker

Progesterone can be used as a marker for the estrous cycle of a cow with
progesterone fluctuating from less than 0.1 ng/mL at estrus to greater than 6
ng/mL at the luteal phase in blood plasma and from less than 4 ng/mL® to as high
as around 50 ng/mL in whole milk. The exact amplitude of the fluctuation will
vary from cow to cow. Clearly detection of progesterone in whole milk has the

distinct advantages of higher concentrations and ability to detect it non-invasively.

Milk progesterone levels can also be used to help determine the pregnancy
status of cows. The bovine placenta is unable to produce adequate progesterone
to sustain a pregnancy and so the CL retains its progesterone secreting function
into pregnancy. Progesterone rises steadily up to mid-luteal phase concentrations
in pregnancy and so a sustained high reading of progesterone provides an
indication of possible positive pregnancy. Early detection of pregnancy would be
possible theoretically by taking a milk sample 21 days after insemination. Care is
needed however when making assessments based on milk progesterone as one can
get embryonic mortality and irregular life-span of the CL. Progesterone levels
can also be used to mark failure of the cow to return to cyclicity after parturition
which is a major veterinary concern to the farmer, and such conditions as

abnormal pregnancies, follicular cysts,” anestrous cows®’ and embryo mortality.

Determination of milk progesterone may be used to time artificial
insemination. Artificial insemination is now in very widespread use in New
Zealand and abroad but in order to work, the insemination must be timed so that it
overlaps the life of the sperm with the life of the ovum. This requires that the cow
be inseminated between 6 and 28 h after first onset of estrus. This timing is
presently very poorly done with only a less than 40% success rate on first
insemination.®® It is estimated that the US dairy industry alone loses >US$300

million per year through misdiagnosis or failure to detect estrus.%

1.2.1.1.4 Progesterone Detection Methods in Whole Milk

Many different techniques have been applied to determining estrus and

pregnancy. Estrus monitoring by behavioural analysis involves inspection of
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cows for biological indicators such as cows standing to be mounted by a bull,

discharge of clear mucus from cervix and uterus, restlessness, and swelling of the
70 - . :

vulva.”™ Techniques include pressure-activated heat mount detectors and contact

. . . . " 70 . . .
indicating paint strips.” Progesterone determination in whole milk is extensively

used in some areas.

Progesterone detection was first done by high performance liquid
chromatography (HPLC) methods using solvent extractions from the sample and
often multiple detector systems such as diode array with mass spectrometry.’’
Systems have been developed also for detection of progesterone metabolites in

. 72 . . . .
urine and faeces. “ Detection however is dominated by enzyme immunoassay.

There have been a large number of publications in the field of milk
progesterone EIA. Dominating these publications are those for ELISA techniques
but there are a growing number that examine other methods. In all cases there are
a number of factors that need to be considered when examining milk progesterone
concentration. Progesterone is a lipophilic molecule and as such it concentrates in
the fats of the whole milk with about 80% of progesterone being present in the
fats.” The fat content of the milk however is a major matrix interference in the
detection of progesterone, serving to impede binding of progesterone to its
antibody. Many papers have sought to remove this interfering factor by using
skimmed or de-fatted milk’* but this has the obvious major disadvantage of
removing most of the progesterone in the sample and this becomes a particular
problem when considering low initial concentrations of progesterone. EIA’s have
been developed that can cope with up to 10% milk fat.”> Major studies have been
conducted that have built up estrous cycle and postpartum milk progesterone
profiles for herds of dairy cows.”® The use of preservatives has been found to be
quite effective in keeping milk samples at room temperature for 10 days without
significant changes in progesterone concentration.”” ELISA immunoassay kits are
now widely available to farmers in the USA and elsewhere as crude indicator tests

taking 3-22 minutes’® but are labour intensive.

As well as EIA methods using ELISA there has been a recent move to
developing on-line sensors for milk progesterone. The objective is to have an

automated sensing system that can sample directly from milking lines and give



26

real-time information to the farmer about the estrus or pregnancy status of the
cows. Such systems usually consist of a detection membrane, transducer system
and computer.”” Claycomb et al. have developed such a system using a fluidic and
fibre optic system for colorimetric EIA with 20 cycles per sensor.®” 8' This work
has been further extended and allows detection within 10 min and is sufficiently
accurate to distinguish follicular phase from mid-luteal phase concentrations.?> %
Pemberton et al. have produced amperometric milk progesterone biosensors based
on competitive immunoassay®* whilst Kartoch et al. have synthesised nitroxide
spin-labelled progesterone derivatives for use in biomembranes and

immunoassay.85

Surface plasmon resonance is now becoming of interest in the application to
biosensing of cow milk progesterone. This was demonstrated in aqueous medium

by Wu et al.,15

and a biosensor for detection in diluted cow milk was developed
using BIAcore by Gillis et al. but suffered from a high detection limit (3.56
ng/mL) and all the limitations of BIAcore.*® As well as progesterone, other milk
components have also been analysed by SPR biosensing. These include detection

of sulfamethazone residues®” and staphylococcal enterotoxin B.®

1.2.1.1.5 Practical Aspects of the Design of Milk Immunoassays

Despite the large amounts of scientific study that have gone into the
construction of milk progesterone immunoassays there is still a relative dearth of

studies that consider:

1. The effects of different assay formats on experimental results, for instance

immobilisation of antigen rather than antibody on the ELISA plate

2. The effects of the complex and often difficult to handle medium of cow

milk on certain parameters of the immunoassay

3. The steric factors that influence the antibody binding and assay curves in

milk progesterone ELISA

Existing commercial ELISAs rely on the use of progesterone-enzyme

conjugates as competitive agents with the free milk progesterone for binding to
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immobilised antibody.89 Such enzyme conjugates have been used extensively and
many different examples have been synthesised, the most common being to horse
radish peroxidase (HRP).” The use of such conjugates has certain major
disadvantages. There is no truly efficient and convenient method of purifying
such conjugates. The only option to remove unbound enzyme from the reaction
mixture is to employ affinity chromatography, which is very time-consuming and
quite expensive, as it requires quite a lot of antibody. If the enzyme conjugates
are not properly purified then unconjugated enzyme can bind to plate surfaces
non-specifically producing high background signal and therefore lower signal to
noise ratio and poorer detection capability. Furthermore, affinity chromatography
is not usually 100% efficient in removing un-bound label. It has been found that
some purification of progesterone-HRP conjugates with an affinity column allows

a five-fold improvement in the detection limit.”'

The enzymes are usually conjugated to analytes via the €-amino groups of
lysine residues. Most enzymes have multiple residues for analyte attachment. As
the electrostatic and steric environment of the conjugated antigen greatly
influences antigen / antibody interactions then changes to this environment can
greatly impair the antibody binding affinity to the ligand.92 In the production of
the conjugate the number of analyte molecules attached per enzyme molecule
cannot be easily controlled, so irregular binding, such as binding to multiple
recognition sites is possible thus changing the conditions for competition with the

analyte in the sample,”” Figure 1.13.

The simplest way to avoid the need for enzyme-analyte conjugates is to
immobilise an analyte-protein conjugate to the surface of the plate rather than the
antibody. Competition can then be set up between sample progesterone and
immobilised progesterone for limited free primary antibody. The bound antibody
can then be detected using a secondary antibody conjugated to an enzyme.90 Use

of a secondary antibody has the following primary advantages:

1. The antibody-enzyme conjugate could be easily purified of unbound

enzyme by simple dialysis
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2. Multiple attachment to one enzyme is much less likely to occur, on steric
grounds, and consistent conjugations can be expected as the enzyme and
antibody are much closer in size than the enzyme and small-molecule
antigen. Some slight conjugation variability is not as important anyway as
the secondary antibody is applied in excess and is not involved in the

critical analyte recognition part of the assay

3. Use of two antibodies increases the specificity of binding by increasing
what is called the “reactive cross-section” of the binding interaction. This
factor is of importance in complex biological media such as milk where

many often related agents are present simultaneously.18
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Figure 1.13 Binding Irregularities of Progesterone to Enzyme Label

Many studies have been conducted on the effect of changing media on
immunoassay data® and some show large-scale changes in binding properties in
the assay and require compensation for this. In the milk matrix there have been a
number of early studies on the effects of changing the matrix in terms of
parameters such as fat content and total nitrogen94’ % but there have been no

systematic studies of the effects of the milk matrix relative to aqueous phase on
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binding of progesterone-protein conjugates as immobilised antigen to monoclonal
antibody. Protein conjugates are constructed with various types of intermediate
linker between antigen and carrier protein and there have been no studies of the
effects of incrementally increasing this linker length on the antibody binding to
conjugates in the milk medium. Linker length has a major effect on steric
hindrance to binding of antigen and antibody. In the aqueous medium it has been
shown to have no effect on antibody binding in a static assay format'® but this

may well not be the same for whole milk assays.

There is clearly a need to develop and validate a protein-conjugate based
ELISA system for the detection of whole milk progesterone and a need to study
this format in the milk medium with respect to antibody binding properties and
assay curve positions and shapes with incrementing linker length. The results of
such a study could have further value in developing new biosensor formats for

whole milk small biomolecule detection.

1.2.1.1.6  Assay Binding Curves and Statistical Analysis

There are a variety of different sets of data that can be obtained from
immunoassay or immunosensor systems. The first group is data of how binding
response (expressed as optical absorbance in ELISAs or response units (RU) in
SPR) varies with changing concentration of either the immobilised agent
(antibody or protein conjugate) or the free binding or competitive agent
introduced with the sample (labelled antigen or antibody). Plots of this data may
include plots of response vs coating protein conjugate concentration or response
vs solution antibody concentration or dilution. Distinguishing binding response
data points from each other using this system is comparatively easy by simply
employing student’s t-test to determine whether the response differences are

significant.

Greater statistical difficulty is encountered when one considers the actual assay
standard curves. Such curves are plots of binding response vs analyte
concentration and their form will vary depending upon the format. In a sandwich

immunoassay one gets a standard curve that at low analyte concentration is of low
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response and flat. When the “active region” of the assay is reached then there is
an increase in response with increasing analyte until finally a plateau region is
reached where there is no further signal increase, corresponding to saturation of
immobilised antibody binding sites. Such curves have an S-shape and can be

expected to approximate to a straight line of positive slope in the mid-region of

the curve.

Competitive and non-competitive non-sandwich immunoassays have a curve,
which has high signal at low analyte and is a flat line. As the analyte is increased
then label binding is inhibited leading to a drop in response down to near zero
when inhibition of signal-generating binding is nearly total at which point the
curve flattens out. This S-shaped curve is the inverse of the sandwich assay curve

and once again approximates to a straight line in the mid-region.

The detection limit of an immunoassay is generally defined as the analyte
concentration corresponding to the blank reading less two standard deviations
(sometimes three) of the mean of the blank. The sensitivity of an assay can be

defined in one of two ways:

1. As the slope of the active part of the curve, that is the signal change per
unit concentration change. This is reflected in the height of the standard

curve.

2. As the minimum detection level of the assay, that is the detection limit.
This is usually reflected in the overall position of the curve along the

concentration axis.

The linear range is the region in which data points from the standard curve may
be fitted to a linear regression with good fit. The dynamic range refers to the
range between 10 and 90% bound relative to the blank which is 100% bound. It is
possible to simplify this non-linear relationship by simply considering the linear
region and reducing all statistical consideration to a linear regression. This is not
usually suitable though as the curve seldom fits at a wide range to a perfectly
linear fit. It is far more common to fit a four-parameter logistic relationship to the
data and use this to calculate concentration values from the equation of the

curve.”®* The logistic fitting can be described by the equation in Figure 1.14 and
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the graphical representation is given in Figure 1.15. Some researchers use semi-
log linear ranges but this is less common.”® Some standard curves fit better to S-

curve fittings and this may be more appropriate in certain cases.

y = (a-b)  +b
1+ (x/c)*
y = response

X = concentration

a = maximum response

b = minimum response

¢ = concentration at 50% response

d = slope of the line at the mid-point

Figure 1.14. Four-Parameter Logistic Equation for Immunoassay Curves
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Figure 1.15 Four Parameter Logistic Fitting of Immunoassay Data®”’

For the determinations of errors in the concentration determinations from these
non-linear curves one can use a number of options. Dudley et al. suggest that as
at any given point upon the curve a tangent to the curve will give the slope of the
curve at that point then this tangential slope can be used to calculate the standard
error in the concentration from the standard error in the absorbance at that point.”

The standard deviation in the response can either be used as the actual standard
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deviation of the standard curve point nearest to the concentration or else by
developing a response-error relationship. This is where an assay is done exactly
the same way for a large number of times and so a plot is made of the average
determined standard deviation at certain concentrations and is plotted versus those
concentrations. This enables one to formulate an equation relating error to
concentration that can be used in conjunction with the equation in Figure 1.14.
This slope system will work well for regions where the curve is not too deviant
from a straight line but it becomes more of an approximation as one moves to the

ends of the curve.

There is no set procedure for dealing with errors in immunoassay
concentrations, but given a four parameter logistic fit simple algebra suggests an
adequate approximation would be the equation given in Figure 1.16. In such

fittings this formula will apply quite well and has been adopted in this thesis.

Sdx ~ x x sd log X ~ x sd(y) (I + (x/ c)}?
d (a-b) (x/¢)?

Where: sdx = standard deviation in X (in concentration)
X = concentration
sd(y) = standard deviation in y (in response)

a, b, c, d are parameters as for Figure 1.14.

Figure 1.16. Equation for the Calculation of Standard Deviation in Concentration

100
From Immunoassay Curves.

1.2.1.1.7 Estrogen Biochemistry

Another class of compounds that is very commonly the target of
immunosensors and immunoassays are the estrogens. The estrogens are also of
interest for their receptor binding properties as such binding is critically important

to the human endocrine reproductive control system.
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The estrogens are a class of C 18 female sex steroidal hormones that are part of
the estrane series (Figure 1.17). The principal estrogens are 17f-estradiol and
estrone and to a lesser extent estriol and are produced in the female ovary.

Estrone was first isolated in 1929'' and 17B-estradiol in 1936.'?

17B-Estradiol

Estrone

Figure 1.17 Estrogens: Estradiol (left), Estrone (right)

In human pregnancy, the hCG signalling from the blastocyst results in an
increase in secretion rates of hormones including estradiol. Estradiol levels in
pregnancy increase in maternal serum to levels of 20-30 ng/mL, about 100x

higher than in a non-pregnant woman.

Estradiol levels in serum can be closely monitored to monitor follicle
development and maturation, predict ovulation and prevent ovarian
hyperstimulation in anovulatory women. Such levels can also be used for
determination of postmenopausal status and for evaluation of men with
gynecomastia. There are a number of EIA kits available for clinical determination

of serum estradiol.'®

1.2.1.2 Synthetic Chemistry of the Steroids for Antibody Interactions
1.2.1.2.1 Labelling, Carrier Proteins and Intermediate Bridges

As the sex steroids are of such importance in mammalian physiology, much
research has been devoted to the production of derivatives of the steroid
molecules for a number of different purposes. These purposes include the

production of protein conjugates as immunogens to raise antibodies or to function
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as coating antigens, the labelling of steroids with enzyme, fluorescent or
chemiluminescent labels for biosensing of these steroids and the production of

drug — steroid conjugates for specialised treatment of disease.

When antibodies are to be raised to small molecules (<2 kDa) then it is
necessary to link or conjugate them to carrier proteins to provide enough size for
the immune response to occur. Such protein conjugates consist of the antigen
linked through some site on its structure to a straight chain chemical linker or
bridge and then to the protein, usually BSA or OVA, Figure 1.18. Such protein
conjugates may also be used as coating antigens on the surface in ELISA or
biosensor applications. As well as proteins, one can also use such carriers as
nucleic acid fragments'® or N-vinylpyrrolidone copolymer.'® Such protein
conjugates have even been used in studies into their physiological effects in

mammals.'%

1 CHs

BSA A 2

HO'

Figure 1.18 Estradiol - BSA Conjugate (1) and Estrone — Chemiluminescent

Acridinium Oxime (AO) Conjugate (2)I08

For antibody-immobilised formats for immunoassay and biosensors it is
necessary to develop labelled antigen molecules for competition with free sample
analyte. These conjugates consist of the antigen linked once again via a bridge to
the label in question. Extensive studies have been done using enzyme conjugates,
fluorescent labels'”’ and chemiluminescent labels.'® Conjugates of drugs to the

estrogens are also of critical importance in the treatment of cancers in tissues
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associated with estrogen receptors such as breast cancer'® ' and enable

cytotoxic compounds such as daunorubicin to be directed with some selectivity.

1.2.1.2.2 Estrogen Site and Bridge Heterology

The production of linkages to estrone and 17B-estradiol were at first made via
the existing functional groups in the steroids. This meant attachment via the 3-
OH or 17-OH in estradiol or the 3-OH and 17-carbonyl in estrone. Attachment
was via a hemisuccinate bridging through the alcohols or an (O-carboxymethyl)-
oxime (CMO) through the carbonyl, Figure 1.19. The hemisuccinates of estradiol
and estrone are widely available commercially and are a very common form of
conjugation.'' "% ' Whilst such conjugates are easy to produce, they suffer
from being susceptible to base-catalysed decomposition”> and compromise
functional groups that are important in the antigenic recognition of the
molecules.” Carboxymethyloximes derived from steroid carbonyl groups are
viable alternatives as has been demonstrated for several steroids including

115

progesterone (3- and 20-positions),”4 cortisol (3-position) ~ and testosterone (3-

116 as well as estrone (17-position)23’ 24 (Figure 1.19). This bridge

position)
attachment method will naturally only work if the antigen has a carbonyl group to
attach through or if one can be introduced, and will compromise the antigenicity
of the antigen unless a carbonyl group is introduced to the molecule at a position
spaced from existing functional groups. This can be done by using the 6-oxo-
estrogens that are commercially available to conjugate at the 6-position. This
attachment has the advantage that only one stereochemical product can be
produced and so there is no reduction in antibody recognition due to a mixture of

stereoisomers.

Previous studies have examined the effect of changing attachment position on
antibody binding and specificity. To this end steroid conjugates have been made
at the 4-, 6- and 7-positions of progesterone and compared to those at the 11-
positionm' 118119 £or the raising of antibodies. The 4-, 6- and 7-positions are on
the opposite side to the 11-position and it was thought that attachment on this side
may give better antibody specificity and binding affinity. It was found that

attachment at the 4-position resulted in no antibody cross-reactivity with phenolic
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or C-19 steroids or with corticosterone. There was however large reactivity with
5a- and 5B-dihydroprogesterone that supports other observations of loss of
specificity about the point of attachment. Hatzidakis et al. have reported for
progesterone, that raising the antibody to a conjugate at the 7-position and using
an enzyme conjugate at the 6-position gives greatest sensitivity and selectivity as
opposed to conjugates attached at the 3- and ll-positions.'20 This tends to suggest

that the 6/7 side of the steroid skeleton may be better for conjugate attachment.

ﬁ
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Figure 1.19 Production of Estradiol — Hemisuccinate (Left) and Estrone —
Carboxymethyloxime (Right) Derivatives

The overall consensus for achieving best antibody binding and specificity is to
use heterology of some kind.'?' There are two types of heterology. The first is
site heterology whereby the antibody is raised to a conjugate with attachment at a
different site from the labelling or carrier protein attachment site for the assay
antigen. Bridge heterology is where different types of intermediate chemical
bridges are used to connect the antigen to protein for immunisation and to label,
or protein for immobilisation. Bridge heterology is very important, as if the same
bridge is used for both immunisation and in the assay itself, then the antibody will
bind not only to the antigen but also to the connecting bridge and so binding will
be stronger to the labelled antigen than to the free sample antigen and so the assay
will be less sensitive to changes in progesterone concentration and so will produce

an inferior assay. There have been a number of studies on this phenomenon and
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indeed in certain cases the bridge heterology has been shown to be more
important than the site heterology.l22 In the case of the milk medium, Sauer et al.
have shown that using an 11-a-hemisuccinate bridge and an 11-a-glucuronide

label bridge123 will greatly reduce bridge recognition.'*

In the case of the estrogens, De Boever et al. found interestingly that raising
monoclonal antibody to estradiol-6-carboxymethyloxime-bovine serum albumin
(BSA) and using a homologous format with 6-carboxymethyloxime (6-CMO)
labelling with isoluminol or HRP gave the lowest detection limit and highest
sensitivity.'*® This is an interesting result and shows that it is possible to produce
homologous assays with very good sensitivity and this has been confirmed by
other reports so long as the 6-CMO attachment method is used.'”® '>’ These
results for 6-CMO have been carried through to chemiluminescent immunoassay
also.'® Linker and site heterologies have been employed for assaying follicular
estradiol. Silvan et al. have used the 6-carboxymethyloxime to raise polyclonal
antibodies and then used 3-hemisuccinate bridging for the HRP label.'? Follicular
fluid contains many other closely related steroids to estradiol and it was found that
this format enabled detection of estradiol with low cross-reactivity with other

steroids.

Another type of site heterology employed is the use of different stereoisomers.
Webb et al. reported the raising of antibody to the 11f-hemisuccinate of estradiol
and attachment of radiolabel at the lloc-position.m This was compared to the 3-
and 6-positions that showed far less sensitivity. It was concluded that the bridge-
binding phenomenon was dependent upon the site of conjugation employed as a
homologous 3-CMO conjugated testosterone had very similar results to the
estradiol assay across antisera from several different animals. This may help to

1'% Taking the heterology concept even

explain the observations of de Boever et a
further, Rao et al. have raised antiserum to testosterone-19-carboxymethylether-
BSA conjugate and used 4-(17B-hydroxy-3-oxoestra-4,9-dien-118-yl)butanoic
acid conjugated to penicillanase as the enzyme conjugate.l3l This is an example of
bridge, site and ring heterology and produced an assay of good sensitivity and

selectivity.
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Another method of conjugation that is applied to the aromatic A-ring of
estrogens is the formation of an azo linkage, Figure 1.20. This involves
selectively nitrating the aromatic ring at either the 2- or 4-positions, reducing the
nitro group to an amine by reaction with sodium hydrosulfite and then formation
of the diazide by reaction with sodium nitrite in hydrochloric acid and then
conjugation of the diazo unit to the protein at a pH of 8.5-9.5.'3 This method has
the clear disadvantages of needing a number of reaction steps and using diazo
coupling which is not as consistent nor the product potentially as stable as in
coupling via amide linkages from a carboxylic acid terminating derivative. Diazo
coupling has also been employed for estradiol-17-glucuronides by approximately
the same method.'*® The principal method of such diazonium conjugations is
formation of diazo linkages with the tyrosine and histidine residues of the
protein.90 Diazonium conjugation works well for tyrosine-containing peptide
haptens. As tyrosine groups are usually quite rare in a given peptide hapten there
can be consistent orientation of hapten to carrier and near-identical cross-linking.
The problems with diazo coupling however are immense. The rate of reaction is
so fast that most of the total coupling potential can be lost by the diazo group
undergoing intra-molecular coupling on the carrier protein. As they are formed
they can react with active hydrogens on the aminophenyl precursor even before
hapten is added. Even without the second active-hydrogen containing molecule,
the diazonium-activated molecule will turn brown/black within one hour as it self-

conjugates. Such problems lead to highly inconsistent conjugation reactions.”

As well as diazo coupling one can also couple to the A-ring using the
glutaraldehyde and Mannich reaction methods. In the glutaraldehyde method the
nitro derivative is formed at the position of attachment and then reduced as for the
diazo method to the amine and then coupled to glutaraldehyde by addition at pH
6.8 along with the carrier protein, Figure 1.21. Once again this involves several
steps and uses an amino group on the hapten, which is not as good for conjugation
as a carboxylic acid as there is less control over the conjugation process. The
conjugates formed are also usually of high molecular weight that may cause

precipitation problems.90
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Figure 1.20 Diazo Coupling to Estrone'*?

The Mannich reaction proceeds by addition of estrogen with BSA and
formalin solution, but in order for this method to work in any good yield it is
necessary to first cationize the carrier protein usually by addition of diamines to
the carboxylic acids of the protein thus introducing another labour-intensive step,
Figure 1.22. Furthermore, the position of attachment on the steroid A-ring is not
controlled which may well compromise antibody affinity and selectivity. It is
thought that attachment is ortho to the hydroxyl group but this could be either 2-
or 4- conjugation. The yields of conjugation are quite variable with this method
and depend upon the reactivity of active hydrogens on the hapten.’® Such
reactions should obviously never be used for haptens containing free amine
groups as hapten polymerisation may occur preferentially to conjugation to the

carrier.
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Figure 1.21 Glutaraldehyde Conjugation of Estrogens to Protein
1.2.1.2.3 Linker Length Effects

Another area of key interest is on the effects of changing bridge or linker
length on the amount of antibody binding and the performance of the assay. It is
intuitive to expect that as the bridge length is incrementally increased that this will
increase the amount of antibody binding up to a certain point as the steric
hindrance to binding is gradually relieved. Studies of linker length effects are
therefore of great interest not just for studying immunoassay interactions but also
when considering the binding of conjugated targets to antibodies and receptors in
histology and drug-delivery, Figure 1.23. In the case of steroids, it has been found
that for cortisol and 11-deoxycortisol conjugated at the 4-position, use of a bridge

shorter than that used to raise the antibody leads to an increase in assay sensitivity
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whilst one longer than the immunogen has no positive effect.'** '** This is
intuitively reasonable as the shorter the bridge of the labelled antigen, the less the
antibody will bind and so the more it will tend to favour free progesterone and
thus the more sensitive it will be to changes in free progesterone concentration.
The other factor to consider is that the shorter the linker between antigen and
label, the lower will be the antibody binding and hence the lower the signal. This
will have a major effect on the signal : noise-type sensitivity of the assay by
reducing the slope of the assay curve. The same can apply when the label is on
the antibody. Indeed, this has been found in systematic studies of the linker
length when enzyme or microparticle label of monoclonal and polyclonal
antibody respectively is employed.m’ When linker was increased from 9- to 23-
atoms long there was a 64% signal increase and from 9- to 30-atoms there was an

82% signal increase for enzyme-labelled a-fetoprotein antibody.136
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Figure 1.22 Mannich Reaction at the 2-position of Estradiol”

There has been an extensive study on the effects of incrementing linker length
on antibody binding to protein conjugates attached to progesterone via the 4-
position.lO This study has found that antibody binding to conjugates ranging from
4-atoms to 18-atoms is identical in static ELISA formats as is binding to 4- and 7-
position conjugates. However, in SPR, a flow-through format, that is one where

one binding partner is flowed over a surface immobilised with the second partner,
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there is a substantial increase in binding with increasing linker length and there is
much higher binding at the four position than at the seven position.'® Studies have
been made on estrone-protein conjugates used to raise antibodies via an azo
bridge to the aromatic ring."”’ In this case the addition of a short aliphatic chain
(4-amino-n-butyric acid) gave antisera that cross-reacted with estrogens with D-
ring structures different to that of estrone. The explanation was given that it is
possible for the linker chain to twist and allow the D-ring region to be surrounded
by the carrier protein thus inhibiting binding to that determinant and diminishing

specificity.

Increasing length = better antibody binding

Protein

Antibody

Increasing linker length = increasing signal

Enzyme label or Microparticle

Figure 1.23 Linker Length Effect for Progesterone-Protein Conjugate'o and
Antibody-Enzyme Label / Microparticle Conjugate|3 6
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Polyethylene glycol (PEG) or oligoethylene glycol (OEG) polymer chains offer
several advantages as intermediate linkers in hapten-carrier or antigen-label
conjugates. They can lend water solubility through their multiple ether linkages
to an analyte that might otherwise be insoluble or sparingly soluble in water. This
can be of great advantage in protein conjugations as use of organic solvents can
affect the repeatability of conjugations.'® The chains have been used extensively
in antibody binding interaction studies as they have been found to not interfere
with antibody binding to the target analyte but rather serve to reduce non-specific
binding. PEG chains have been attached to certain estrogens. PEG chains of n ~
66 and n ~ 133 have been attached to estradiol via the 3-OH in an ether
connection'*® as has estrone’® and polyestrones have been synthesised by
multiple conjugation to a PEG chain."® PEG has been used extensively in the
immobilisation of target analytes in such applications as affinity
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chromatography ' and for the modification of proteins including enzymes and

hormone antagonists."”‘
1.2.1.2.4 Thioether Bridging

Thioacids have been extensively used as bridging agents in steroid conjugates.
The coupling is via a thioether to the ring structure of the steroid with a protruding
carboxylic acid functionality. The thiol group acts as an efficient nucleophile for
attachment to the steroid whilst the carboxylic acid can via appropriate activation
form an amide linkage to lysine residues in the carrier protein. Thioether
derivatives of progesterone have been examined with carboxymethyl alkylthio
derivatives being synthesised at the 70L-position'43 and 3-mercaptopropionic acid
(MPA) derivatives being synthesised at the 4- and 7a-positions'* as linkers for
enzyme attachment, Figure 1.24. Methods for MPA attachment have also been
developed for the 4- and 6-positions of lloc—hydroxyprogesterone.''9 Production
of the 4- and 7-thioethers on a non-aromatic ring in a steroid proceeds by first
brominating the steroid at the 6-position by simple reflux treatment of the steroid
with N-bromosuccinimide (NBS). This is then followed by reflux with the 3-
mercaptopropionic acid in methanolic KOH to give the 4-thioether or treatment

with sym-collidine to produce the diene and then addition across the 6-7 double
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bond by treatment with the 3-mercaptopropionic acid and sodium methoxide in
tetrahydrofuran (THF).
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Figure 1.24 Progesterone Thioether Derivatives

The estrogens readily form thioether conjugates in vivo by reacting with the
thiol-containing amino acid cysteine and the tripeptide glutathione as a means of
metabolising the steroids and eliminating them from the body. These were first
identified by incubating '*C-estradiol with rat liver fractions.'*> 2-Hydroxy-17p-
estradiol has been used to produce glutathione and cysteine conjugates by
production of the ortho-quinone by treatment with acetic acid and sodium
metaperiodate and then extraction into dichloromethane, followed by addition of
glutathione or cysteine in acetic acid.'*® Such a reaction system could not be used
to easily produce a thioether conjugate of 17f8-estradiol as the product still has an

additional hydroxyl group on the aromatic ring that cannot be removed easily
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without damaging the thioether linkage. Furthermore, the chemistry involved does

not have high pure yields (about 10%), as the product does not crystallise well.

Another method for the production of thioether estrogen derivatives from the
aromatic ring is to start with the epoxide 4B,5B—epoxy-17B-hydroxyestr-1-ene-3-

one and produce 4-ethylthioestradiol by stirring the epoxide with ethanethiol and

sodium metal under nitrogen.'"’

The 4-position 3-mercaptopropionic acid
derivative of 17B-estradiol was synthesised using the epoxide method from 19-
nortestosterone (nandrolone) by Meltola et al. in three steps,'”’ Figure 1.25. This
is less than ideal as there are three quite complex steps and this route starts from a

restricted drug.
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Figure 1.25 The Epoxide Method for Formation of Estradiol Thioether

Rather than adopting an ortho-quinone or epoxide method it should be possible
to utilise aromatic substitution of a halogen derivative on the aromatic A-ring as a
means of producing thioether conjugates to the 4-position of the estrogens.
Bromo derivatives should offer the best possibilities for this as they have
sufficiently weak C-Br bonds but are more stable than the chloro or fluoro
analogues. The first report of “regioselective” bromination of estradiol and
estrone was by Slaunwhite et al. who used a method of stirring in acetic acid with
bromine to produce bromoestrone derivatives, and refluxing with N-
bromosuccinimide for estradiol."® Finely divided iron powder was used to block
production of the 4-bromo compound to get pure 2-bromo. This estrone

bromination method has since been shown to be somewhat unreliable with



dibromination occurring and yields being variable. The production of pure
bromoestrones has posed a significant synthetic challenge. Most brominations
reported have led to either an isomeric mixture of the 2- and 4-bromoestrones in
about equal quantities or have yields that cannot be readily reproduced.'#* 148 150
Page et al. have reported the production of 4-bromoestrone 5 from estrone 3 via
2,4-dibromoestrone 4 by N-bromosuccinimide reaction in ethanolic solution
followed by reduction of the dibromo with 10% palladium on carbon under reflux
in formic acid and N,N-dimethylformamide (DMF)'"! (Figure 1.26). It has been
thought that production of pure 4-bromoestrone may have to proceed by a formic
acid debromination of the 2,4-dibromoestrone over palladium on carbon (Figure
1.26). This has also been reported by Numazawa et al. who have also produced
the 4-bromoestradiol this way.'>> Numazawa et al. also used potassium iodide and
ascorbic acid as dehalogenating agents. These results as well as the work of Utne
et al. conflict with the paper of Slaunwhite et al. Utne et al. however produce
only pure 2- and 4-bromoestradiol using N-bromoacetamide, and do so only with

the aid of column separation.'49

In the case of estradiol, the 2,4-dibromoestradiol can be prepared simply by
direct bromination with bromine in near quantitative yields.'>® Formation of 4-
bromoestradiol from this dibromo- has been achieved by regioselective
hydrogenation'** with remarkable selectivity. 2-Bromoestradiol can also be
synthesised by alkylation of estradiol with chloromethyl methyl ether to give
either the 3,17B-bis(methoxymethyl) ether or the 3-methoxymethyl ether.'*
Either of these protected estradiols can then be used to react with butyllithium and
then trimethylsilyl chloride to give the 2-trimethylsilyl derivatives, which can be
converted into 2-bromo or 2-iodoestradiol. = Yet another method for 2-
bromoestradiol and 2-bromoestrone synthesis is the reaction of the corresponding
2-phenylselenyl derivatives with iodine monobromide producing compounds in
~70% yield."> Lovely et al. have very briefly mentioned a method for production
of the 4-bromoestradiol 2 from estradiol 1 by simple bromination with N-
bromosuccinimide in ethanol'>® (Figure 1.26). Under this method the desired 4-
bromoestradiol simply precipitates out of solution upon reaction. No details of

this synthesis were given other than the yield of 55% and so the careful control



47

needed of the ratios of reactants and solvent will need to be determined again for

this method.
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Figure 1.26 Bromination Methods for the Estrogens

Whilst there have been no reports of thioether conjugation to the A-ring of
estrone and only one epoxide-mediated method for estradiol, there has been work
done on uses of such a conjugation at the 7-position of 1, 3, 5 (10), 6-
estratetraenes to give estra-1, 3, 5 (10)-trienes substituted at the 7-position with 3-
thiopropionic acid side chain in a light-catalysed radical reaction yielding o and
B-epimers."”’” These were then conjugated to BSA with 25-30 steroid residues per
albumin molecule that was then used to raise specific antibodies. This reaction is
the photolytic equivalent of the 7-mercaptoprogesterone reflux method mentioned
above. Previous experiments with the progesterone conjugates have demonstrated
that the 4-position gives much higher antibody binding than the 7-position in
flow-through formats.'® This method demonstrates the efficacy of the thioether

linkage for conjugation and reinforces the possible usefulness of attachment at the
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4-position by thioether conjugation. Numazawa et al. have also reported the
thioether linkage at the 16-position of the androsten-17-ones'*® from the
corresponding 16-bromo derivative by a direct SN2 displacement. Miller et al.
have also produced 7-thiosubstituted estratriene derivatives by reacting the 6-
carbonyl 7-bromo equivalent with p-thiophenol, sodium hydride and DMF
followed by sodium borohydride and ethanol and then TFA and Et;SiH to produce

the p-thiophenol thioether derivative.'*

Clearly, production of conjugates linked at the 4-position on the aromatic A-
ring of the estrogens is of great interest as this position has demonstrated superior
antibody binding over 7- and 11-position protein conjugates of a steroid with a
non-aromatic ~ A-ring, progesterone.'”  Furthermore, this position is
stereochemically fixed so there can be no contamination of different epimers at a
saturated carbon that could reduce antibody binding affinity and / or specificity.
Theoretically, the best attachment method would be via thioether conjugation of a
mercapto carboxylic acid as this would produce a highly stable connection and the
terminal carboxylic acid unit would allow easy conjugation to a protein carrier via
N-hydroxysuccinimide activation that has been shown to be a very consistent and
easily controlled means of conjugation. The active esters are highly reactive
towards the amino groups of the carrier and form stable amide linkages. Previous
studies have found this conjugation method to produce highly consistent

conjugations with respect to hapten number.'®"?

This method allows easy
attachment of heterobifunctional linker agents to the antigen to provide spacing
between hapten and carrier. The formation of thioether linkages should be able to

be effected by simple aromatic substitution of the bromo-derivative.

It has previously been found that for fluoroimmunoassays, that fluorescent
tracers conjugated to estradiol via a C-4 thioether linkage give binding to an
antibody raised to the 6-position whereas conjugates via the C-2 position do
not.'” Furthermore, C-4 conjugates were found to give more sensitive

. . 107
immunoassay curves than C-6 conjugates.

The attachment positions that have been used to date are summarised in Figure

1.27.
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Figure 1.27 Attachment Positions to the Estrogens: DA: diazo, GA:
glutaraldehyde, MR: Mannich reaction, HS: hemisuccinate, CMO:

carboxymethoxime, TE: thioether

1.2.1.3  Detection of Estrogen Binding Interactions

Estrogen binding interactions have been determined using a number of
different techniques. One of the most commonly employed is the estrogen
receptor binding assay. This involves taking a sample of estrogen receptor
prepared from an appropriate tissue source, e.g. lamb uterine cytosol'® and
competing estrogen analyte with tritiated estrogen to determine the relative
binding affinities (RBA)."® These tests have been used by Miller et al. to
determine the selectivity of 7-thiosubstituted estratriene derivatives'> and have

shown that the selectivities are sensitive to the type of thioether chain used.

A developing field of research is the use of SPR to determine estrogenic
binding properties. SPR has been used to study the binding between 17f-estradiol

' for homogenous energy transfer

and estrone to polyclonal antibodies'®
immunoassay and chemiluminescent estradiol conjugate antibody binding has
been studied also.'®* Estrogen receptor binding assays have been conducted using
estradiol immobilised to the biosensor surface via a short aliphatic spacer chain

attached via the 17-OH of the estradiol and leaving a free amine group for
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attachment to the biosensor surface.'®® The estrogen receptor is then used as the
high molecular mass binding agent and dissociation constants calculated. Fractal
analysis has also been used as a means of modelling binding and dissociation
kinetics using SPR.'® SPR thus offers an interesting means of studying the

binding patterns of new estrogen derivatives or conjugates.

1.2.2 Catecholamines

1.2.2.1 Catecholamine Biochemistry

Apart from the steroid hormones, another class of compound is of integral
importance in physiological signalling within the mammalian body. A
neurotransmitter is defined as a chemical substance that is synthesized in a neuron
and is released at the synapse of a neuron where it influences another neuron or an
effector cell in some particular way.'® Further conditions include that it must be
found in the synapses at reasonably high concentration, be blocked by agents that
block synaptic transmission and be removed from the extra-cellular space.'®
Broadly speaking, one can divide the neurotransmitters into two categories: the
small molecule neurotransmitters and the neuropeptides. The former group will
be considered here and include the class known as the catecholamines,
compounds that contain a 3,4-dihydroxybenzene ring and an amino group.
Examples of catecholamines include dopamine, nor-epinephrine, epinephrine and
L-DOPA, Figure 1.28.

1.2.2.2  Catecholamine Biosynthesis

The catecholamines are synthesised in the nerve terminals and then packed into
the synaptic vesicles. This synthesis allows continuous replenishment of the
synaptic vesicles. They are produced from tyrosine by the action of tyrosine
hydroxylase, which produces L-dopa and requires oxygen and reduced pteridine

as cofactors.'®® The L-dopa is then decarboxylated by pyridoxal phosphate-
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dependent aromatic L-amino acid decarboxylase to dopamine.'% In noradrenergic
nerve terminals the dopamine is further acted upon by dopamine-f-hydroxylase
(DBH) to give norepinephrine, which is then methylated in the presence of

phenylethanolamine-N-methyltransferase (PNMT) with methyl donation from S-

adenosylmethionine.'*

OH OH OH

Figure 1.28 Structures of (left to right) Dopamine, Nor-epinephrine and
Epinephrine

1.2.2.3 Synthetic and Conjugation Chemistry of the Catecholamines
1.2.2.3.1 Thioether-Catecholamine Synthesis

The chemical means by which thioether conjugates of catecholamine
compounds can be synthesised has been studied to provide standards for analysis
of quantities of these conjugates in biological fluids and tissues ranging from
urine through to human brain samples. The conjugates that have been synthesised
have been the glutathione and cysteine conjugates of dopamine, nor-epinephrine
and epinephrine.'®” '8 The first step is the formation of catecholamine o-
quinones, which is well studied. Whilst biochemical production works via
enzymatic and electrochemical routes, the chemical processes involve electrolysis
of the catecholamine in concentrated acid solution.'® Shen et al. suggest 0.1 M
HCI with 5.7 mg of dopamine in 30 mL of acid at 1.0 V for 30 min."® This should
turn the solution from colourless to bright yellow. The thiol unit is then added
and by simple stirring there is conjugation to the o-quinone and formation of the

hydroxyl groups once again to give the thioether conjugate.169
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This simple reaction procedure should apply to all o-dihydroxy catecholamines
and to all thiol molecules provided steric hindrance is not great and the
nucleophilic interaction is strong enough. The reaction must be done under acid
conditions not only to provide the electrolyte but also to ensure that the
catecholamine does not undergo radical oxidation. Under basic conditions
dopamine is rapidly oxidised by dissolved oxygen to produce hydrogen peroxide
and dopamine o-quinone. The oxidation is mediated by superoxide that acts as
the chain propagating radical.'”® Dopamine has been shown to be stable at 0.1 N
HCl,pH < 1.""!

As well as the thiol-containing amino acids, it should be possible to use this
electrolysis technique to produce straight chain linker derivatives that terminate in
carboxylic acid functions. Such derivatives would be of great use as drug carriers
or probes to study receptor and antibody binding properties. This reaction method
allows the attachment of a linker unit directly to the aromatic core of the

catecholamine rather than through existing functional groups.

1.2.2.3.2  Catecholamine Conjugate Chemistry for Binding Studies

There have been very few studies of catecholamine conjugates for antibody
binding or raising of antibodies. Protein conjugates to epinephrine, nor-
epinephrine, dopamine and L-dopa were developed to raise antibodies using
conjugation by the Mannich technique,”z‘ 173 Figure 1.29. This technique suffers
from the need to protect the amino group before conjugation. Miwa et al. have
done this by maleylation of the primary amine but this will produce a secondary
amine that theoretically could condense with an additional molecule of aldehyde
and amine.'™ It is also possible for a Mannich base to condense with excess
formaldehyde. A further problem is that the position of attachment cannot be
determined with certainty in protein conjugation. A study was made on position
of attachment when 4-methylcatechol is reacted with ethylamine by the Mannich
reaction and found attachment at the 5-position,'” but this is a very rough
estimation and it is quite conceivable that multiple Mannich reaction products are
formed that would greatly compromise the specificity and affinity of the antibody.

Also, Mannich reaction without cationisation of the protein will take up to five
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days. Dopamine antibodies were also raised using a Mannich conjugation to
protein carrier.'’® The Mannich reaction has also been applied to production of
protein conjugates of 3-methoxy-4-hydroxyphenylglycol (D-MHPG) in an
analogous way.'”’ Hirose et al. introduced the use of a caproic acid unit as the
Mannich base with D-MHPG in a protein conjugate with isolation of the linker
derivative and determination of position of attachment.!”” Position of attachment
could not be determined if the reaction was done in one step as it usually is and if
used with catecholamines bearing primary amine groups the amine groups would
still need to be protected. The production of carboxyl terminals and subsequent
NHS esterification and conjugation will give the most consistent and well-
controlled conjugation and these terminals can be produced by either using the
thioether derivative with carboxylic acid terminal or using the Mannich reaction
with a heterobifunctional caproate unit as the Mannich base. With both of these
techniques one can increase the length of the spacer by simply using different
length thioacid or caproate chains. These conjugations direct to the aromatic ring
are clearly beneficial for production of conjugated catecholamines without danger
of compromising existing functional groups. It is therefore of interest to study
their binding properties to antibodies to assess their efficacy as coating antigens in
biosensors or as immunogens in protein conjugates or their receptor interactions

to assess their efficacy as carriers of drugs or labels to receptor sites.

1.2.2.3.3 Purification of Catecholamine Derivatives

The catecholamine derivatives discussed are quite polar molecules. Dopamine
is only freely soluble in water and slightly soluble in methanol, nor-epinephrine
only freely in water and epinephrine is only freely soluble in acid or NaOH and
KOH solutions.'”® Any direct ring-conjugation to a carboxylic acid terminating
thioacid would not be expected to greatly reduce the polarity. This has posed a
problem for researchers wanting to purify catecholamines from biological samples

or to purify synthesised derivatives.
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Figure 1.29 Mannich Condensation to Form Protein Conjugates of Dopamine

For catecholamines in biological samples the method of choice has been ion-
exchange chromatography.179 This has been applied in the HPLC format'® and as

a separate gravity or low-pressure column.'®'

The low-pressure system used with
success uses a strong cation exchange column and elution of the compound with
acid/organic solvent mixtures,'®’ Figure 1.30. The organic solvent serves to
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