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Abstract

The aim of this thesis was to develop a point of care (POC) device that could monitor
progesterone and oestriol in saliva. These hormones have a key role to play in both female
fertility and pregnancy. Understanding the concentration of progesterone in the body is
key to understanding a patient’s fertility and pregnancy status. Combining progesterone
and oestriol detection can give valuable insight into when labour may commence during
pregnancy. This can be achieved by measuring the progesterone to oestriol ratio in saliva
samples, throughout the pregnancy progesterone is the more dominant hormone but a few
weeks before labour oestriol becomes the more dominant hormone. Saliva was chosen as
the biological sample due to the ease of collection as well as it providing a better chemical
understanding of the active hormonal concentrations compared to blood. Typical levels
in saliva are <31 pg mL* rising to >100 ng mL* for progesterone and 0 - 5 ng mL™ for

oestriol.

The work presented began with the design of a chemiluminescence immunoassay which
could be translated onto a microfluidic device, this approach would provide both good
sensitivity and selectivity. Chemiluminescence was chosen as a detection system due to
the high sensitivities that can be achieved with simple instrumentation where a CCD
camera could be used to also obtain spatial information. The CL assay involved the
chemical immobilisation of the antibodies onto glass slides. Silanisation with (3-
aminopropyl)triethoxysilane ~ (APTES) in  combination  with a  N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide/N-hydroxysulfosuccinimide (EDC/sulfo-
NHS) linker proved the most successful immobilisation method, with a LOD of 33 +£3 pg
mL? being achieved for progesterone in 10 mM phosphate buffered saline (PBS). This
method however lacked reproducibility and did not transfer well on to polymer substrates

or the microfluidic devices due to problems with the antibody immobilisation procedure.



Immobilisation of anti-progesterone was then investigated on a range of electrode
surfaces (Au, glassy carbon and ITO). This immobilisation procedure involved
electrochemically depositing nitrobenzene onto the electrode surface followed by an
electrochemical reduction of the nitro groups to the corresponding amine. To allow
electrochemical detection ferrocene was tagged to the anti-progesterone antibodies to
give a redox tag. The antibodies were then immobilised through an EDC/sulfo-NHS
linkage. This method proved to be successful and very reproducible. By tagging ferrocene
onto the antibody a rigid structure was achieved during the immobilisation procedure
allowing the ideal antibody orientation, this process also allowed quantification of the
concentration of antibodies on the surface (4.46 x10”" mol m). Electrochemical based
immunoassays were successfully carried with a 15 min incubation time for progesterone
giving LODs of 1 pg mL™ for the gold and glassy carbon and 0.1 pg mL* for the ITO.
The ITO performed better than the other materials due to the electrode being uniformly
flat enabling more efficient surface modifications. The methodology was also translated

for use with artificial saliva with a LOD of 1.7 pg mL™ for progesterone.

Once the electrochemical immobilisation platform had been shown to be successful this
was taken forward as a potential route to carry out a CL immunoassay. This novel
approach utilised the oxidised ferrocene tag on the antibody as the catalyst for the luminol
CL reaction. A static system was devised in which the antibodies had been immobilised
on to ITO using the electrochemical approach and the CL reagents added by pipette,
LODs of 2.35 and 2.54 pg mL™* were obtained for progesterone and oestriol respectively
in saliva after a 30 min incubation time. The static system could therefore be used as a
POC device for these hormones meeting the aims of this thesis. The next step was then
to start developing a more automated method within a flow cell. Initially the ITO
electrode with the pre-prepared immobilised antibody and the oxidised ferrocene tag was

incorporated into a macrofluidic device. The CL immunoassay was successfully carried



out in the macrofluidic device although the LODs were an order of magnitude higher than
those seen from the static system for both progesterone and oestriol in saliva due to the
large volume of the flow cell. Finally the ITO electrode with pre-prepared immobilised
antibody with the oxidised ferrocene tag was slotted into the microfluidic device that had
been designed and measurement were made. There was however problems with the

design and possible new designs are discussed.
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Chapter 1 Introduction
1.1 Introduction

With an ever-growing rise in population, resulting in a greater strain on health services
the development of point-of-care (POC) systems where patients can take greater control
of their own health and well-being is required. This work aims to develop a system that
can monitor progesterone and oestriol levels in saliva samples, as a route to investigate
fertility issues as well as premature and/or spontaneous births. Current systems operate
via simple lateral flow test strips which are not quantitative or complex methods in the
laboratory that are time and reagent consuming. Point-of-care systems could deliver more
information in comparison to the strips currently in use, while removing the complexity

of current laboratory based systems.
1.2 Biomarkers Involved in Fertility and Pregnancy

A biomarker can be defined as a biological molecule that can be identified by the role that

it plays in a biochemical process.

There are a number of different biomarkers that are involved in fertility and pregnancy,
each of these have a key role in identifying a patient’s fertility health status; this therefore
identifies the probability of successful conception; followed by a successful pregnancy.
Biomarkers that are involved during various stages of pregnancy can also give
information on the health of the baby and mother as well as how the body is responding

throughout the pregnancy.



What type of biomarkers are of interest?

Biomarkers come in a variety of different forms, these can be proteins, cells, hormones
and others. Within this work hormones are of interest. Hormones are chemical
messengers that trigger a certain response, these come in the form of amino acids, proteins
and steroids.* It is these biomarkers that trigger a response during the menstrual cycle and
throughout pregnancy; therefore it is necessary to look at each hormone involved and the

individual role it plays.

1.2.1 Female menstrual cycle

The female menstrual cycle is on average a 28 day cycle where the uterus prepares to
accept a fertilised egg, day 21 of the cycle is the point at which the highest probability of
conception occurs. The cycle can be split into two stages; the follicular phase (days 1 —
14) and the luteal phase (days 15-28). Figure 1.1 shows a schematic of the entirety of the

cycle and the key biomarkers involved at each stage.
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Figure 1.1: Schematic showing four of the key biomarkers involved during the menstrual cycle and
their relative concentrations at each stage of the process, with days 1-14 representing the follicular
phase, day 14 being the day of ovulation and days 15-28 showing the luteal phase.



From Figure 1.1 it is clear that at different stages of the cycle different biomarkers are
dominant, each having a specific role to play. Understanding their concentrations can give
clinicians important information on fertility and the probability that a mother can or

cannot conceive. Each of these biomarkers are discussed in detail.
Follicle-stimulating hormone (FSH)

Follicle-stimulating hormone (FSH) is a protein that is secreted by the gonadotrophic cells
found within the pituitary glands,? these glands are found within the brain. FSH stimulates
the growth of ovarian follicles; causing the production of oestradiol which results in the
maturation of an egg.® These processes occur at the start of the cycle (days 1-7); after
which the FSH levels subside until days 13-14 when FSH facilitates the release of the egg

(ovulation).*
Oestradiol

Oestradiol (E2) is the most prominent of the oestrogen hormones found in women and
has a very important role in female reproduction. It is mainly synthesised within the
ovarian follicles themselves however synthesis can occur in other regions of the body.®
Oestradiol production causes the egg to grow and mature; towards the end of the follicular
phase oestradiol sends signals to the pituitary gland to begin the production of luteinizing
hormone (LH). Observing figure 1.1 oestradiol concentration is at its peak around days
8-10 this is to coincide with the egg creation, it can also be seen that the oestradiol
concentration rises again around days 20-23 this is due to it having a shared role with

progesterone in thickening the uterus lining to accept a fertilised egg.®



Luteinizing hormone (LH)

LH, like FSH, is produced from the gonadotrophic cells situated within the pituitary
glands; it is this hormone that causes ovulation to occur by triggering the eggs release.’
LH concentrations peak on day 14 of the cycle and this is known as the ovulation period
and point of highest probability of conception. Due to the specific role LH plays as well
as its narrow time frame it is an ideal biomarker to be used to indicate ovulation and
minimising error as to when/if it has occurred; for this reason current commercial tests

measure this hormone as an ovulation indicator.
Progesterone

Progesterone has arguably the most significant role in the whole of the menstrual cycle,
as this hormone only becomes dominant during the luteal phase (after ovulation) when it
acts along with oestradiol to regulate the endometrium (inner-lining) of the uterus wall to
accept a fertilised egg .2 Progesterone synthesis occurs as a consequence of egg release.’
Progesterone therefore is the hormone of choice to monitor for fertility; successful
ovulation i.e. a high LH concentration does not necessarily mean successful conception.
This can only be investigated through monitoring progesterone to determine the levels
are where they should be, this would need to be carried out consistently over a number of
days. Through knowing the progesterone concentration clinicians can get a great insight
into the probability of conception being successful. Progesterone itself will be discussed

in more detail in section 1.2.3.



1.2.2 Hormones involved in pregnancy

Just like in the menstrual cycle whereby there are numerous different hormones that have
certain roles to play, the same applies to pregnancy where many different hormones are
involved; an understanding of which is important. Here some of the key hormones

involved are discussed.
Human chorionic gonadotropin

Human chorionic gonadotropin (hCG) is a protein that is released from the placenta after
successful implantation of a fertilised egg. hCG levels are very high during the first
trimester peaking at around weeks 10-11 before subsiding during the rest of the
pregnancy.® Due to the production of this hormone occurring at the early stages of
pregnancy, current pregnancy tests operate by detecting this hormone in urine, with
corresponding concentration levels giving an indication as to the time frame since

conception.

hCG is involved in several processes during the first trimester, these include encouraging
the continuing production of progesterone from the ovaries to maintain the lining of the
uterus wall, helping to maintain a strong implantation of the foetus as well as an

immunological role to protect both the mother and foetus.® 1°



Progesterone

As stated in the previous section hCG causes the ovaries to maintain the production of
progesterone during the first trimester, however once this period ceases progesterone
synthesis occurs within the placenta itself; where this continues for the entirety of the
pregnancy and this is known as the luteal-placental shift.!* Its primary role is in
maintaining the placental wall and keeping the foetus implanted, the concentration of
progesterone remains high throughout the pregnancy. Progesterone in this context will
also be investigated, understanding progesterone levels pre-pregnancy can give
information about the likelihood of a successful conception and therefore successful
pregnancy; carrying this through into the pregnancy can then give vital information about
the state of the pregnancy with any issues being discovered at the earliest possible

opportunity.
Oestriol

Oestriol (E3) is another of the three major oestrogen hormones, its role is largely illusive
and therefore not readily studied.’?> However during pregnancy oestriol becomes an
important biomarker mainly because it is synthesised by the foetus itself as well as the
placenta.’® Knowing oestriol concentrations can give clinicians valuable information on
the health and progression of the pregnancy. Understanding a mother’s oestriol and
progesterone levels gives an indication of when labour may occur which is explained fully

in section 1.2.3.



1.2.3 Progesterone and oestriol

Having looked at the major biomarkers involved with fertility and pregnancy
progesterone and oestriol were selected for monitoring. The relative concentrations of
these hormones in the female can give valuable information to clinicians and expectant
parents about their fertility and pregnancy status; including risks by predicting the onset
of labour. Within the literature there is a consensus that knowing the progesterone/oestriol

ratio can act as a tool to predicting premature births,*416
Progesterone

Progesterone is a steroidal hormone that is synthesised from cholesterol within the corpus

luteum. Figure 1.2 shows the structure of progesterone:

Figure 1.2: Structure of progesterone with a molecular weight of 314.46 g mol ™.

The corpus luteum is a temporary structure found within the ovaries that is formed afresh
during each menstrual cycle by the follicles that produce the egg. Should the egg not
become fertilized the corpus luteum will stop progesterone synthesis resulting in the
uterus wall breaking down during menstruation.® Should the egg become fertilised hCG
production from placenta triggers the corpus luteum to maintain progesterone production

for the first trimester after which progesterone is synthesised by the placenta itself.?

As discussed in sections 1.2.1 and 1.2.2 progesterone has an important role in the

menstrual cycle and pregnancy.t’



Oestriol

Oestriol like progesterone is a steroidal hormone. This hormone however has very little
activity during an average woman'’s lifetime, until she becomes pregnant; this hormone
will then appear and have a substantial impact on the pregnancy as a whole and is regarded
as a blueprint to show the health of both the mother and foetus. Figure 1.3 shows the

structure of oestriol:

OH

aullllOH

Tl

HO

Figure 1.3: Structure of oestriol with a molecular weight of 288.39 g mol.

Oestriol is synthesised in large amounts during pregnancy from 16-
hydroxydehydroepiandrosterone sulfate. (16-OH DHEAS) this steroidal hormone
originates from within the adrenal glands of the foetus itself; where within the placenta is
converted into oestriol.*® Oestriol concentrations vary during pregnancy and knowing
these concentrations can give warnings into potential problems such as Down’s syndrome
this is routinely measured through the triple test.*® Oestriol levels can also give valuable
information as to when labour may commence due to a large increase in oestriol
production around 3-5 weeks prior to labour and this is true for both preterm and term
delivery.*® 20 1t is viewed labour occurs as a consequence of oestriol becoming the more

dominant hormone, with respect to its ratio to progesterone.!? 2



1.2.4 Current methods to monitor progesterone and oestriol

Currently progesterone and oestriol are monitored through an ELISA blood test
(discussed in section 1.4.2.3), the National Health Service will typically look at measuring
progesterone to understand the fertility status of a patient, they warn however that this
process can take a long time and that further tests may be required which can be
stressful.?? Progesterone tests tend to be only carried out if the patient has a history of
premature labour and/or miscarriage; a GP may then opt for a progesterone test and some
form of treatment.?® As mentioned oestriol is currently tested as an indicator for Down’s
syndrome however this requires a blood test and for reasons outlined later is not ideal and

in this context the results have no bearing with respect to labour.? 24

So while there are current methods for testing for these hormones, the availability is rather
limited and non-universal, therefore a system needs developing that can monitor these

hormones through a route that is universally accessible.
1.3 Detecting and Monitoring Progesterone and Oestriol

Progesterone and oestriol can be found in all of the main bodily fluids that are used when
conducting point of care analysis; saliva,’® blood?® and urine.?® Koka et al. investigated
which of these fluids patients would prefer to donate for diagnostic purposes. 413 patients
were surveyed and voted overwhelmingly that saliva would be preferential when it came

to donating samples for analysis which is unsurprising.?’



1.3.1 Progesterone and oestriol in saliva
Saliva is a biological fluid that is secreted by the salivary glands found in the mouth, the
fluid is 99.5% water, with the other 0.5% containing electrolytes, hormones, enzymes and

other biological molecules.?®

In saliva progesterone and oestriol are found in a biologically active form, whereas in
blood these hormones are found in the free biologically active form as well as the protein
bound form which is chemically inactive.?® Because of this serum analysis is not 100%

reliable in understanding the patient’s progesterone or oestriol status.

Unfortunately from a detection point of view, because there is only the free hormone in
saliva the concentrations can therefore be 50-100 times lower than that found in blood;*
with this in mind a sensitive methodology is required to measure these hormones

quantitatively.

In saliva the typical range found for progesterone is <31.4 pg mL™* during the follicular
phase, rising to >720 pg mL™ on day 21 of the cycle,® during pregnancy these levels rise
to greater than 100 ng mL™.1> 3! Qestriol has a concentration range of between 0 and 5
ng mL"t during pregnancy.®? * Saliva typically has a pH of between 6.5 and 7.5 indicating

saliva is slightly acidic in relation to the rest of the body.3*
1.4 Antibodies and Immunoassays

To detect and monitor progesterone and oestriol successfully in a sample at the low
concentrations found a very specific technique is required. Immunoassays are ideal for

this aim, this technique exploits the antibody-antigen interaction.

10



1.4.1 Antibodies

Antibodies are specific proteins generated in the body to combat pathogenic invaders
known as antigens. Like all proteins, antibodies consist of amine and carboxylic acid
groups and are often referred to as immunoglobulins (Ig) which can be split into different
classes; all of which have different roles and fight different pathogens. The two main
classes are the IgG and IgM, with the other three classes being referred to as IgA, 1gD
and IgE.* Within this work only 1gG antibodies are of interest due to their uses in

immunoassays and therefore only this class of antibody will be discussed.

IgG antibodies are found in all bodily fluids and are the most abundant of all the
immunoglobulins, they are also the only antibody type that can cross the placenta from a
mother to foetus. These antibodies are also the heaviest with their weights being ~150
kDa. Antibodies have a Y shaped structure where there are two heavy chains and two
light chains (see Figure 1.4 for the general structure) where the heavy chain are made up
of ~450 polypeptide residues and the light chains with ~215 polypeptide residues, with a

disulphide bond linking the chains together.*®
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Figure 1.4: General structure of an 1gG antibody.
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The fragment antigen binding (Fab) region is the area at the top of the antibody where
there are both the heavy and light chains, it is within this region that the paratope is located
which is the area where the antigen becomes bound to the antibody. The paratope is
described as the part of the antibody that recognises the epitope of the target antigen, like
a lock and key. The fragment crystallisable (Fc) region is involved in making sure that
the antibody generates an appropriate immune response by binding to certain Fc
receptors.3” Based on a protein chain that contains amino acids, within the Fc area acid
groups are situated with the amine groups being found within the Fab region, however as
the antibodies have various side chains these groups are situated all over the protein this

is a general and simplistic description.®

1.4.2 Immunoassays

Immunoassays can work for quantitative analysis or qualitative analysis, for this reason
this technique has proved invaluable and is often used when researching into antibodies
and their interaction with antigens. Immunoassays are generally studied with chemical
labels either on the antibody or on the antigen which subsequently gives rise to a
measurable signal once binding occurs (See section 1.4.2.4) but can be tag free in
detection methods such as surface plasmon resonance.® Immunoassays can be split into

two main classes and these are homogeneous and heterogeneous immunoassays.

1.4.2.1 Homogeneous immunoassays

Homogeneous immunoassays are those that occur in solution, where either the antigen or
the antibody itself contains a label for analysis (see section 1.4.2.4). The main advantage
with this form of immunoassay is the need to separate the free antigen from the antibody-

antigen bound complex is unnecessary.*°

12



Akhavan-Tafti et al. successfully developed a chemiluminescence (see section 1.4.2.4)
homogeneous immunoassay through a sandwich immunoassay, one antibody contained a
horseradish peroxidase (HRP) label and the second antibody contained an acridan based
label. Within their work they successfully detected interleukin-8 (IL-8) with a LOD of
0.64 pg mL™. These results were comparable to current commercial methods. The
systems works as shown in figure 1.5 with a “trigger solution” that contains hydrogen
peroxide and p-hydroxycinnamic acid, a combination of this solution along with HRP and
an acridan complex is needed to give the CL signal. It was reasoned that the high
sensitivity was achieved because as an immunological complex the acridan and HRP were
in close proximity and thus in larger concentrations relative to each other compared to the

bulk solution.*®
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Figure 1.5: Schematic showing how this homogeneous immunoassay was conducted.

Reprinted with permission from H. Akhavan-Tafti, D. G. Binger, J. J. Blackwood, Y. Chen, R. S.
Creager, R. de Silva, R. A. Eickholt, J. E. Gaibor, R. S. Handley, K. P. Kapsner, S. K. Lopac, M. E.
Mazelis, T. L. McLernon, J. D. Mendoza, B. H. Odegaard, S. G. Reddy, M. Salvati, B. A. Schoenfelner,
N. Shapir, K. R. Shelly, J. C. Todtleben, G. Wang and W. Xie, JACS, 2013, 135, 4191-4194. Copyright
2015.

However if you wish to measure more than one immunoassay response at a time
(multiplexing) (which is required to monitor progesterone and oestriol) there needs to be
a way of generating different responses from each of the hormone-antibody complexes.

Chen et al. use quantum dots tagged to the antibodies to change the fluorescence response

13



from the antibodies to enable the detection of two viruses (Human Enterovirus 71 and
Coxsackievirus B3) by emitting light at different wavelengths; this emission can then be
quantified.** However when dealing with molecules with similar structures such as
steroidal hormones cross-reactivity can become an issue, therefore studies are needed so

that false positives do not arise.*?

1.4.2.2 Heterogeneous immunoassays

Heterogeneous immunoassays involve immobilizing antibodies onto a solid surface, the
antibody and antigen then interact at the “boundary layer”. In the same way as a
homogeneous immunoassay, detection usually occurs through a label on either the
antigen or antibody (see section 1.4.2.4). Once a sample is loaded and the antigen is given
time to interact with the antibody (incubation time) the surface is washed to remove any
unused antigen or interfering species from the sample. In homogeneous immunoassays
the sample matrix will still be present and may affect the signal which can result in
complex detection systems. Heterogeneous immunoassay detection can operate using
general laboratory equipment or even smartphones through the possibility of spatial
resolution.®®*3 The method has the advantage of an increase in specificity and sensitivity
towards its target compared with homogeneous immunoassays.** Care must be taken
however in washing any antigen that has not bound to the antibody, to make sure the
antigen does not adsorb onto the surface where antibodies are not bound this is combatted
by blocking the surface that however adds further steps to the process.* Despite this, the
need to develop a system that is very sensitive means this thesis will therefore focus on
using heterogeneous immunoassays. How this can be carried out is explained in section

1.5.

1.4.2.3 Competitive and non-competitive immunoassays
Homogeneous and heterogeneous immunoassays can be further split into competitive and

non-competitive immunoassays. A competitive immunoassay relies on a lower
14



concentration of antibodies on the solid surface. The target antigen and a tagged
equivalence of the same antigen then compete for the limited number of antibody binding
sites (Figure 1.6). Whereas a non-competitive immunoassay generally operates through a
sandwich assay where the detection label is on a secondary antibody. The primary
antibody binds to the target analyte and the secondary antibody then binds to primary

antibody-antigen complex (Figure 1.7).

Y Y YY

Plate )

Figure 1.6: Example of a heterogeneous competitive immunoassay where T represents a label on
the antigen.

Figure 1.6 shows a competitive heterogeneous immunoassay where the circle represents
the antigen and the T represents a tag. During the incubation period the tagged antigen
and free antigen (found in a sample) will compete for a limited number of available
binding sites. During detection if the concentration of antigen in the sample was low,
more tagged antigen would bind giving a larger signal; if the concentration in the sample
was high then less tagged antigen would bind resulting in a lower signal. Therefore the

signal is inversely proportional to the concentration within the sample.
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Plate
Figure 1.7: An example of a heterogeneous non-competitive “sandwich-assay” where T is the
detection label on a secondary antibody.
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Figure 1.7 shows an example of a non-competitive heterogeneous immunoassay,
following incubation with the sample which enables the antigen to bind to the antibody,
the tagged second antibody is added and the signal detected. In this case the signal is
proportional to the concentration of the sample; i.e. more antigen in the sample results in

more of the secondary antibody binding giving a larger signal.

The current hospital methods for measuring progesterone and oestriol levels are based on
enzyme-linked immunosorbent assays (ELISA). ELISAs work by immobilising the
antibodies into the individual wells, this typical through physical adsorption.*® The
antigen in the sample then binds to the pre-deposited antibody followed by the addition
of a secondary antibody which is typically tagged with an enzyme, which can then
catalyse a chemical reaction to give rise to a signal in the form of a colour change (Figure
1.8). The procedure can be used either to determine the concentration of an analyte in a
given sample or simply the presence of the analyte. ELISAs generally operate within 96

well microtitre plates in which the antibody is immobilised at the bottom of the well.
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Figure 1.8: A non-competitive ELISA where in the first step the antibody is bound to the well, the
sample is added where any antigen present will bind to the antibody, a secondary antibody with the
detection tag is added which then binds to the antigen-antibody complex and a substrate is added to

give rise to a detectable response.47
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ELISAs work well as they have good sensitivities, ranging typically from 0.1 ng mL™
rising up to >1 ng mL* however there are problems, ELISAs are labour and time

intensive.

1.4.2.4 Detection methods used in immunoassays

There are a variety of different detection methods that can be for immunoassays.
Currently a lot of work has been conducted with the aim of detecting the point at which
interaction happens between antibody and antigen. Traditionally chemical species have
been added to the antigen or antibody which can result in a signal that can be detected.
The most common tags are chemiluminescence, fluorescence, electrochemical and radio

labels.
Label-free immunoassays

Label-free analysis is usually achieved by using surface plasmon resonance (SPR). This
technique operates by measuring any changes to the surface interface. The antibody is
immobilised on a gold surface and light is shone towards the gold surface and is refracted
to a detector. Any changes to the surface i.e. a reaction of the antibody with its target,
results in a change in the refracted light which can be measured.*® Despite SPR being a
very common technique used in laboratories, the technique itself has not be used
extensively with respect to a clinical setting. The reasons for this is by using clinical
samples such as blood, urine and saliva uncontrollable background signals can be
observed due to non-specific binding. Therefore for this reason this technique will not be

investigated.*®
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A secondary form of a label free immunoassay is by using impedance; impedance is a
technique where the resistivity of a system is measured compared to the frequency with
respect to alternating current, with respect to direct current the resistance does not change
with frequency. Within immunoassays the interaction between the antigen and antibody
causes a change in the resistance of the electrode surface, this change can be plotted as a
calibration. The technique was reviewed by Daniels and Pourmand where a number of
benefits of the technique were mentioned with it being label free, does not exert the
sensors to the harsh voltages and currents seen in other techniques. However drawbacks
include a disagreement about the sensitivity due to interferences, which for the levels this
work requires is not ideal and how easily a result can be distorted because of pH changes,
ionic strength and others which for clinical applications it is hard to predict any changes

within a sample.>
Labelled immunoassays

Historically radioimmunoassay’s were initially utilised to carry out sensitive
immunoassays which involves the tagging of a radiolabel to the antibody or antigen, the
most commonly used labels are iodine 125 (*?°I) or tritium (*H), mainly due to their long
half-lives of 60 days and 12.26 years for the iodine and tritium respectively. A
scintillation counter is required to measure the radiation that is emitted, the procedure
works by substituting any iodine species into the %1 isotope so that the antigen is largely
unchanged; by using the amount of radiation produced from the system a determination
of the concentration of the antigen present in the original sample. This method works very
well, however drawbacks include the need for expensive equipment, the dangers of

working with radioactive material and extra expense caused by storing the material.>*

With these drawbacks other labels have been researched with fluorescence labels being

the most commonly used:
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In this method the label is a fluorescent dye which emits radiation when irradiated by a
strong light source such as a laser. (Full theory on how fluorescence operates in section
1.7.5). Fluorescence is commonly used in homogeneous immunoassays due to its
sensitivity and the different properties that can be exhibited through the light that is
emitted such as polarization.> The draw back to using these labels is the requirement of
a powerful external light source to provide the sensitivities needed which can be

expensive.

Chemiluminescence (CL) labels remove the need for an external light source because the
label itself takes part in a chemical reaction resulting in the emission of light, the theory
of CL is discussed in section 1.8. The most common label used in chemiluminescence is
horseradish peroxidase (HRP). HRP is an enzyme found in horseradish that can catalyse
the breakdown of peroxide this enzyme is used due to the sensitivities that are possible as
well as the ease to purchase antibodies tagged with HRP.% When used in combination
with luminol light is emitted that can then be quantified. Other labels include the use of
gold nanoparticles and a combination of these to aid multiplexing.>® Without the need of
a light source CL labels are very popular however care needs to be taken to ensure that
no background light interferes with the measurements. These labels offer an opportunity

to develop a system that is suitable for POC.

Another type of label are electrochemical labels which are redox active meaning they are
readily oxidised and reduced this requires the use of an electrode. When a potential is
applied to the system there is a point where the redox species is oxidised or reduced, when
this happens there is a change in current and this current can then be measured to
determine the concentration of analyte within the sample. This redox species can be
tagged to the antibody or antigen or even be the analyte itself. There are many different
tags used such as ferrocene,> gold nanoparticles,* and many others. These will discussed

fully in section 1.9. These differ to impedance which is label free because electrochemical
19



labels give extra sensitivity and are less prone to interferences, the sensitivities are on a

similar level to those seen with CL which will be explained further in section 1.9.%°

1.4.3 Antibodies used to carry out immunoassays

When carrying out an immunoassay the class of antibodies used can make a huge
difference. When the antibodies are purchased they are available in two forms monoclonal
and polyclonal. As described previously when an antibody binds towards its target (which
is usually a protein) there are a number of different sites that the antibody can bind to;
these sites are called epitopes. Monoclonal antibodies target these sites specifically;
whereas polyclonal antibodies are a mixture of all the different antibodies that can attack
all the various epitopes on the antigen. Monoclonal antibodies are not found in humans
naturally because when an infection occurs many different antibodies are produced to

attack the entire structure of the pathogen and bind to all the epitopes.3®

In experimental work monoclonal antibodies, are better providing increased sensitivity
and better reproducibility. With polyclonal antibodies every batch is different which
makes it harder to get reproducibility and the required sensitivity between each batch.
The production of monoclonal antibodies was first reported by Kohler and Milstein.>®
Whilst monoclonal antibodies are more specific, they are more expensive to produce
which is a major disadvantage. When dealing with quantitative analysis use of
monoclonal antibodies is preferable as an antigen can bind to multiple antibodies that
target different regions and therefore is not a true reflection on the quantity present

whereas monoclonal antibodies only target one region.
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1.5 Antibody Immobilisation Methods

To carry out a successful heterogeneous immunoassay the antibodies need to be
immobilised onto a solid surface. This section examines the methods available to

immobilise the antibodies on different substrates.

ELISAs are usually carried out on 96 well plates are typically made from polystyrene as
it is a cheap material to produce, that can be produced on a large scale, however there are
many different types of substrates that can be used to carry out immunoassays and these
are each described below. This method that has been used for many years due to its ease
and sensitivity.3® A typical assay ELISA can take in excess of 24 hours due to the number

of steps and the large size of the wells.

The steps are shown in Table 1.1.

Competitive Immunoassay Non-Competitive Immunoassay
Sample Preparation Sample Preparation
Antibody Immobilization Antibody Immobilization
Washing Washing
Antigen Addition Antigen Addition
Washing Washing
Detection Second Antibody Addition
Wash
Detection

Table 1.1: List of the protocol required to carry out an ELISA.
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The wells of micro titre plates have various dimensions depending on the brand or
application however the dimensions vary from 10 mm to 20 mm in depth and have a
width of 5 mm to 15 mm. These dimensions indicate a significant amount of time is
needed for the analytes to diffuse across the well and interact with the immobilised
antibodies. Furthermore for the system to be useful and reliable the sample handing needs
to automated and the robotics required means that the systems have a high cost.*® This
can work fine for batch analysis of large numbers of samples in a hospital situation but
for POC devices there is a need for immunoassays to be carried out at a faster rate that
maintains the sensitivity of the protocol within the range required for that particular

investigation without the use of expensive instrumentation.

1.5.1 Glass substrates for heterogeneous immunoassays

Immobilization of antibodies on to glass has been has shown to be challenging.>” Several
factors need to be considered when identifying the best immobilization method for an
antibody, with this in mind the following relates to the IgG form of antibodies used in this

work.
Commercial functional group slides

It is possible to buy glass slides that already contain the desired functional groups, this
approach is commonly used for convenience with a number of companies supplying these
functionalised slides. Generally when using these slides the same chemistries can be
applied as with those when using the silanised glass slides described in the next section;
with the major difference being that these commercial slides have already been
functionalised and are ready for the reaction with the antibodies, For example , Zheng et
al.® utilised epoxide derivatised glass slides (Array it® (U.S)) where 500 pg mL? of
antibody was immobilised onto the surface and a sandwich immunoassay was carried out

successfully. As these functionalised slides will have been rigorously tested; with all
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preparations being carried out in a clean room environment, they should ensure
reproducible results but all this comes at an added expense and in this work we need to

immobilise the antibodies within specifically designed substrates.

1.5.1.1 Silanisation

Glass surfaces naturally contain hydroxyl groups on the surface, which make the surface
hydrophilic, these groups need modifying to give functional groups that can interact with
the antibody as well as making the surface more hydrophobic, the hydrophobicity is
required to stop the antibody spreading. This can be achieved through silanisation of the
glass surface but, for this to occur the glass surfaces needs to be sufficiently cleaned to
allow the silane reagent to react with the surface and give a uniform monolayer, Crass et
al.  investigated the best method for cleaning microscope slides in preparation for
silanisation and observed that a mixture of methanol and hydrochloric acid wash,
followed by immersion in a bath in concentrated sulphuric acid gave the best results.
There are various silanising reagents that can be used to immobilise antibodies onto the
surface of a glass substrate, most silanising methods then rely on a cross-linker to link the
antibody onto the surface. The antibodies can be spotted onto the prepared surface by use
of an automated spotting machine that can accurately dispense a droplet of known volume

of antibody onto the surface.

Immobilisation with (3-aminopropyl)-trimethoxysilane (APTMS) and (3-aminopropyl)-

triethoxysilane (APTES)

APTMS and APTES are commonly used silanising reagents, APTES has an ethoxy group
attached to the silicon compared to APTMS which has a methoxy group. Both of these
reagents result in amine functionality on the glass surface as shown for APTES in Figure
1.9. These silanising reagents are commonly used compared to others due to the ability

of the amine group to bind to the antibody through various routes.
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Figure 1.9: Schematic showing the silanisation process as well as the antibody immobilisation on
glass, this example is with respect to APTES.

Within the literature there are many different ways to introduce these reagents onto a
glass surface, ranging from using dry toluene as the base solvent (Akkoyn et al.%), ethanol
(Mendoza et al.®!) or water with a pH adjustment to 3 with hydrochloric acid. (Glass, et
al.®?) All three methods required thorough drying and curing of the slides, this needs to

be carried out in an oven at an appropriate temperature for each solvent.
Cross linkers used with APTES

Glutaraldehyde is a dimer with two aldehyde groups at either end of the chain and
therefore it can be used as a linker to enable immobilization of the antibody. As shown in
Figure 1.10 one of the aldehyde groups can interact with the silanised glass surface while

the other group can interact with the amines found on the antibody.
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Figure 1.10: Schematic outlining the use of glutaraldehyde as a linker for antibody immobilisation
on an amine derivatised glass surface.

However one major drawback with this method is described by Shriver-Lake et al.®.
Despite glutaraldehyde being universally utilised as a convenient linker there can be
variations between batches of the reagent and when stored it can self-polymerise which
has been shown to strongly effect reproducibility. It is therefore important to consider
alternative linkers, such as N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC)
with N-hydroxysuccinimide (NHS). As shown in Figure 1.11 EDC is a carbodiimide
which activates the acid groups on the antibody to form an o-acylisourea ester which can
then interact with the amine groups on the APTES derivatized glass surface to form an
amide bond enabling the antibody to be covalently bound to the surface. The o-
acylisourea ester intermediate is unstable so NHS or its sulfinated derivatives are often
added to create an NHS ester with stabilises the intermediate substantially. The antibody

then reacts with the amine derivatised surface as discussed previously.
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Figure 1.11: Schematic showing the mechanism of how EDC and sulfo-NHS immobilises antibodies
onto the amine derivatised glass surface.

Akkoyn et al.% used these reagents to immobilise dextran via activation of the
carboxymethyl groups on the silanized surface and then used these same reagents to
activate the antibodies to bind to the immobilized dextran. However prior to adding the
activated antibodies to the glass slide, there had to be an incubation time of 7 minutes
with the (80/20 mM) solution of EDC and NHS to allow the activation to occur with the
antibody prior to immobilization. There are many other ways that this principle has been
applied, Mendoza et al. just used the NHS ester to interact with the amine group on the
surface and the amine group of the antibody to form a linkage, this was carried out by

using bis-sulfo-succinimidyl substrate (BS®).
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(3-glycidoxyproply)trimethoxysilane (GPTS)

GPTS, gives rise to an epoxide functional group on the glass surface instead of an amine.
Mathias et al.%* placed glass slides in a solution containing 2.5 % GPTS, 10 mM glacial
acetic acid and ethanol for 1 hour and washed with ethanol and dried under nitrogen, the
antibodies were spotted on the slides within a glycerol buffer consisting of 5 % glycerol
in phosphate buffered saline (PBS) and left overnight at 4 °C, no further addition required.
The benefit of this methodology was there was no requirement for linkers. Gering et al.®®
silanized the glass surface by refluxing the slides in a solution containing 73.5 mL of
isopropanol and 1.5 mL of water. When the reflux temperature was reached, 130 pL of
the GPTS was added and left to reflux for 15 minutes, after this the slides were immersed
in pure isopropanol and left to air dry. The immobilization of the antibodies by this

method is discussed further in section 3.3.3.
Mercaptopropyltrimethoxysilane (MPTS)

MPTS gives rise to thiol groups on the surface of the glass, Kusenezow et al.% describes
many silanizing procedures including the ones above. They suggest that glass sides can
be prepared with 10 mM acetic acid in ethanol and 1 % MPTS. With an acetic acid (10
mM) in ethanol wash. Experiments were carried out both by using a linker and without a
linker, the linker used was a maleimido-R-N-succinimidylesters where the R represents
various groups. It was observed that when R = (CH2)2NHCO(CsH10)CH3 was used more
reproducible results were obtained compared to when the R group was an ethyl, propyl
or cyclohexyl group. When the results obtained for MPTS were compared with APTES
it was the APTES that gave significantly better results. They report that when no linker
was used poorer results were observed. With respect to APTES when the R chain
increased the signal observed was doubled whereas with the MPTS the improvement was

less than double.
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1.5.1.2 Poly-L-Lysine (PL)

Kusnezow et al.®® looked at using PL as a route to modify glass surfaces, where the PL
was physically adsorbed onto the glass. A solution was prepared by making a 0.01 %
solution of PL in phosphate buffered saline (PBS) and baking it in an oven at 45 °C for
30 minutes. Prior to placing the slides in the oven, they were washed with water and
ethanol. The results were not as good as those surfaces modified with APTES and GPTS,
the slides themselves had a lower shelf-life in comparison to the other methods as well as

a decrease in the sensitive of the corresponding immunoassays.

1.5.1.3 Streptavidin

Streptavidin is a protein that has a very high affinity towards biotinylated species this
combination is known as one of the strongest non-covalent bonds in nature and for this
reason it is commonly used in immunoassays. Jang et al.®” used polyethyleneimine to coat
glass slides along with glutaraldehyde. The slide was then incubated in streptavidin and
immediately the biotinylated tagged antibody was placed onto the surface. The biotin tag
had been added to the antibody using NHS-LC-LC-Biotin reagent in excess in
dimethylsulfoxide (DMSO) for 1 hour at room temperature. The modified antibody was
purified via dialysis and size exclusion chromatography. They resulted in sensitive results
as the detection occurred through chemiluminescence however undergoing this
methodology is expensive, which bearing in mind the cost of the reagents required

anyway this is an issue when developing POC systems.
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1.5.1.4 Antibody modification
Various ways have been investigated where the antibodies themselves are modified as a

route for immobilising the antibodies onto the glass surface.
Splitting the antibody into two segments

There are some problems with the methods discussed previously. In particular there is
little control of the orientation of the antibody on the surface. This can be seen in Figure
1.12 where the antibody is randomly orientated. The epitope region of the antibody is
within the Fab region therefore for the greatest sensitivity it is key that this region has the
greatest interaction with the sample and therefore ideally the immobilisation method

should allow for orientation as shown in figure 1.12.

Random Orientation Orientated antibodies

| RN N? N NF N NP
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Figure 1.12: A scheme to show how antibodies can be orientated on a solid surface, there is no
control however to make sure that antibodies are all orientated in the desired fashion shown.

To overcome this problem a commercial company provides a protocol
(ThermoScientific™) for antibody immobilization onto glass surfaces, this protocol
proposes antibody modification binding occurs through the sulphur groups on the
antibody, similar to the use of mercaptosilane as discussed in section 1.5.1.1). In their
method a maleimide linker was used that can then interact with the thiol groups present
on the antibody. The protocol works by reducing the disulfide bonds to obtain thiol
groups. This procedure was adapted from the bioconjugate techniques® which was
carried out by breaking the disulfide bridges that bind the two parts of the antibody

together with 2-mercaptoethylamine used to form the corresponding thiol. Once this step
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has been accomplished, the antibodies need to be used immediately to minimise the
reformation of the disulfide bonds. The benefit of this methodology is that the orientation
of the antibody is controllable. However a major drawback arises from the need to break
the antibody apart, which reduces the activity of the antibody impacting on the sensitivity

of the immunoassay and therefore this method is not widely discussed in the literature.
Modification of carbohydrate groups on the antibody

Another way to immobilise the antibodies onto the surface is through their carbohydrate
moieties, this is carried out via aldehyde bonding to a hydrazide derivatised surface. This
approach was reported by Gerin et al.®® where the glass surfaces were treated with an
epoxysilane reagent, this was then hydrolysed under acidic conditions to give rise to a
diol. The diol was then treated with periodic acid to form an aldehyde which was reacted
with adipic acid dihydrazide to give a free hydrazide group which reacted with the
antibody. To avoid any exposed hydrazide groups from interacting with any unreacted
aldehyde groups on the surface these were reduced with sodium borohydride. The
antibody was modified by agitating it in 20 mM sodium acetate buffer pH 5.0, 150 mM
NaCl and 10 mM periodic acid, the reaction was stopped by the addition of ethylene
glycol. Purification was carried out via dialysis; the antibodies were then sandwiched

between two modified glass slides and contained at 4 °C.

This method enabled antibodies to remain intact and become immobilised onto the
surface, allowing the activity and the sensitivity to be retained, however as this requires
chemical modification of the antibody care is required, if the procedure is not carried out
correctly this can alter the antibodies and affect how they operate, again for these reasons
this is not a widely used technique as antibodies are expensive, it is not desirable to

attempt to modify them in anyway if other methods are possible.
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1.5.1.5 Glass beads

Glass beads are micrometre to millimetre sized beads that can be incorporated into a
microfluidic device; using these beads provides a higher surface area than a glass slide
which enables a greater interaction between the antibody and the bead surface. They can
be modified in the same way as glass slides and the most general way of carrying this out
is using APTES. For example Yoon Lee et al.%® silaised glass beads with APTES using
glutaraldehyde as a crosslinker to the antibody when the amine groups of the antibody
interact with the aldehyde groups through a Schiff’s base formation, the binding was
enhanced by a reduction with sodium cyanoborohydride. Lates et al. ® used the
EDC/NHS linker however in this experiment the antigen itself was immobilized onto the

beads rather than the antibody.

Glass beads can be incorporated into a microfluidic device by having chambers built
within the microfluidic device that can hold the beads. Yoon Lee et al.®® moulded
chambers into PDMS and by using the beads in the chamber a greater amount of control
was obtained. This included the ability to multiplex using spatial control, a major
drawback to the use of glass beads is the manipulation of the beads within a sample this

can be complex for these reasons glass beads are not heavily utilised.

1.5.2 Plastic substrates for heterogeneous immunoassays

1.5.2.1 Polystyrene

As mentioned previously in current laboratory practices immunoassays are normally
carried out in polystyrene 96 well plates through an ELISA. Unlike the methods described
for glass surfaces immobilization of the antibody typically occurs through physical
adsorption where the antibody is prepared in a coating buffer. Scott’* used a coating
buffer that consisted of 0.1 M glycine adjusted to pH 8.8 with sodium hydroxide, whereas
Shi-Qi’2 used a coating solution which is used to aid the antibody immobilization process

and this consisted of a citrate salt buffer at pH 4.8, with Scott’s’* method the coating
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solution with the antibodies remained in the well either for two hours at room temperate
or overnight at 4 °C, Shi-Qi’2 also left the solution at 4 °C but they specify that this was

for 18 hours.

As the antibodies are passively adsorbed onto the surface many parameters need to be
optimised as the binding is based on VVan der Waals forces which are weak intermolecular
forces. Factors that affect binding include pH, the concentration of the antibody and its
natural hydrophobicity. If the antibody is naturally hydrophobic, it will have a greater
affinity to the hydrophobic polystyrene and adsorb to the surface better. It is also known
that some antibodies can denature upon adsorption onto the polystyrene surface, with that

covalent attachment can alternatively be used.3®

Dixit et al.” successfully covalently bound antibodies to polystyrene,
polymethylmethacrylate (PMMA) and cyclic olefin copolymer (COC) and their results
concluded that the results are independent to which substrate used. The method by which
the antibodies were immobilized were as follows: A bottomless 96 well plate was used in
which the bottom of the plate consisted of each of the polymers under investigation, each
well was then in turn washed with ethanol and then 1% w/v KOH for 1 hour at 37 °C this
was to form OH groups on the polymer surface. The surface was subsequently modified
with APTES 2 % v/v at 80 °C for 1 hour and after a wash the antibody solution was added

using EDC and Sulfo-NHS as a linker.

As mentioned previously EIA/ ELISA (Enzyme Immunoassays and Enzyme
immunosorbent assays) are used every day in the laboratory due to their high sensitivity,
despite the length of time required for an analysis to take place. Shi-Qi’? demonstrated
for a specific experimental set up that the time taken from the addition of the first antibody

into the well to when analysis can occur was in excess of three days, this large amount of
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time required is overcome to some extent when operating in batch mode with 96 wells

and thus 96 parallel assays occurring.

In contrast a POC system aims to deliver result in a short timescales. For these systems
plastic materials or more practical for immobilization of the antibodies because it is
feasible to fabricate low cost disposable devices, preventing cross contamination.
Although polystyrene is favoured for 96 well plates it is not so suitable for microfluidic
devices. Young et al.”* described the complicated fabrication techniques required.
Furthermore polystyrene is also susceptible to leaching of bioactive materials and for

these reasons there has been work into using other polymers such as PMMA and COC.

1.5.2.1 PMMA

PMMA is frequently used for microfluidic devices as it is cheap to produce and easy to
fabricate, the added benefit PMMA gives over COC is that surface modification is easier
with several different approaches possible for antibody immobilization. Cheng et
al.”described a PMMA device in which after thoroughly washing the PMMA surface
with water it was dried under a stream of nitrogen and placed in a solution containing
16 g of lithium aluminium hydride (LiAlH4) in 100 mL of diethyl ether for 24 hours which
reduced the ester groups to alcohol groups (OH-R). This type of surface can then be
further modified using the same methods as described previously for glass substrates.
Goddard et al.”® discusses numerous ways to modify PMMA surfaces which include
using 10 M sodium hydroxide or 3 M sulphuric acid to hydrolyse the ester groups on the
surface resulting in the formation of carboxylic acid group. With this type of modified
surface a procedure outlined by Yang et al.”” can be used for immobilization where the
acid groups are activated using NHS to form the NHS ester. This is in the same way as
discussed previously in which the surface was aminated by using

polyoxypropylenediamine (Jeffamine) from this point various amounts of chemistries are
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then available for different applications. Goddard et al.”® and Brown et al.”® also discuss

a direct amination of the surface with ethylene diamine (1 M) in dimethyl sulfoxide.

A really common method for surface activation of polymers is outlined by Goddard®
which involves surface plasma treatment. Commonly oxygen is used for the plasma
where, under a large voltage, oxygen gas becomes a plasma and modifies the surface to
make it hydrophilic and contain (OH-) groups, this method is widely used as it works for
all different types of plastics and it avoids the need to use chemical techniques however
there is much optimisation required when using this technique to find the right parameters
best suited to enable the surface to be modified to an extent the antibody immobilization

can take place. Figure 1.13 shows the structure of PMMA.

Figure 1.13: Structure of PMMA.

1.5.2.3COC

Cyclic olefin copolymer is a hydrophobic polymer that is increasingly being used based
on its compatibility with biological systems. This polymer does not however have
functional groups available for covalent attachment of the antibody. For this reason there
has been a lot of work into looking at the best way to modify this surface. Stachowiak et
al.”® investigated the process of photografting, a two-step process involving grafting
hydrophilic polymers onto the polymer surface, the first step involved physically

adsorbing a photoinitiator onto the surface. In the second step the microchip was placed
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into a solution of the monomer followed by exposure to UV light. A major drawback of
this method is that as the photoinitiator is only physically adsorbed there is a chance it
can become desorbed from the surface. To combat this Stachowiak’® covalently bound
the initiator on the surface by flushing the device with the initiator followed by exposure
to UV light, after which the monomer was flushed through the device and it was again

exposed to UV light, after which the chip was ready to be used.

An alternative approach for surface activation is ozonolysis a process that is described by
Diaz-Quijada et al.2 this was achieved by placing the chips in an ozone generator for
one hour where carboxylic acid groups formed. After the microchips were ready for

further activation with EDC and NHS.

Finally the most common approach is the use of oxygen plasma in the same way as
discussed for the PMMA. Raj et al.8* exposed COC slides to the oxygen plasma at 150
W for 15 minutes, they found any further exposure damaged the surface of the plastic
which needs to be avoided. After exposure the slides were modified with 3 % APTES in
methanol : water (95:5), and then the antibodies were bound to the surface using a
succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate  (sulfo-SMCC) the
maleimide sub-unit can react with the amine groups on the substrate, allowing the

antibodies thiol groups to react and bind to the surface.
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1.5.3 Other Substrates for heterogeneous immunoassays

Gold

As a solid substrate, gold can work really well to bind antibodies by adsorption through
their native thiol groups, this is known to be a very stable and favourable interaction on
gold surfaces this is generally achieved by using a bifunctional linker with a thiol group

present.5?

As with the surfaces previously described there are similarities as to how antibodies can
be immobilized onto the surface of gold, Vashist et al.® modified the gold surface with
APTES, EDC and a sulfo-NHS linker methodology. Gold however is an expensive
material to use which for developing a POC device is not ideal, typically SPR is favoured
as a detection method through the use of gold substrates. Another way to measure
immunoassays on gold surfaces is through electrochemical means, where a shift in current
or potential can be measured based on the addition of the antigen, Dou et al.>* modified
a gold electrode surface to have free amine groups on the surface, and in the same way as
Vashist et al.8 EDC and sulfo-NHS was used as a linker for the antibody to the gold
surface. This antibody however was modified to contain a ferrocene tag to give an
electrochemical response, Voltammetric measurements were taken to monitor the
subsequent addition of the antigen and a change in current was observed. The results from

this show great sensitivities with an LOD of 23 pg mL™ and strong reproducibility.

Gold can also be used without the need for electrochemical measurements; purely as an
immobilisation substrate, there has been work into splitting the antibody in half to
generate free thiol groups and as described previously (section 1.5.1) this has not been
heavily utilised due to the complications in splitting the antibody and the loss of

sensitivity.8?
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The benefits of gold substrates for antibody immobilisation is the high degree of success
this is outlined by the fact gold is typically used for SPR which as mentioned is one of
the forefront techniques for carrying out immunoassays. However an issue is the expense
that comes with using gold, the metal is expensive and when developing POC systems

that would be disposable, gold does present economic challenges.
Silicon

Silicon is a material commonly used as a semiconductor, Yakovleva et al.®* silanized
silicon microchips with APTES and used glutaraldehyde as a linker, they also
investigated using GPTS with a branched polyethylenimine (BPEI) covalently attached,;
to which glutaraldehyde can be adsorbed and bound to the antibodies. Linear
polyethyleneimine (LPEI) was also investigated, but the GPTS system gave rise to the
best results however they had stated the precision between assays was low, therefore it
was determined that the use LPEIs covalently bound to the silicon surface was the best
way to conduct this sort of research. Silicon however is very expensive to use for this

reason this will not be discussed further.

Magnetic particles

Magnetic particles generally consist of a magnetic core usually iron based with a
polystyrene coating, these particles can be purchased consisting of various functional
groups based on the application that is being studied, they have a good advantage, that
they can be controlled via magnetism which in a microfluidic system has great benefits;
the particles themselves can remain in a set area of the device and not be influenced by
the flow. Zhang et al.® used chitosan/Fes0s magnetic particles to generate an
immunosensor, they prepared chitosan/FesO4 magnetic particles with glutaraldehyde as a
linker to which the antibodies were added, this group used quantum dots, with

electrogenerated chemiluminescence as a detection method, however other detection
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methods can be used depending on what type on analysis is being carried out and the

setup of the experiment.

Paper

This method is gaining in popularity as a low cost-simple substrate to carry out
immunoassays; Yen et al. developed a lateral flow system based on paper based
microfluidic system where antibodies containing various sizes of silver nanoparticles
which will appear as different colours. Within this test Ebola, yellow fever and dengue
can all be detected however the immobilisation process is not mentioned in the paper.®
Liu et al. developed a paper based chemiluminescence immunoassay for the detection of
cotinine, which is a metabolite of nicotine. Within this work chitosan was deposited into
the detection chamber followed by glutaraldehyde as a linker, to which the antibodies
were added; a competitive immunoassay ensured with HRP as the catalyst. A limit of
detection of 5 ng mL™? was achieved.2” Mu et al. developed a chemiluminescence
immunoassay on paper for the diagnosis of hepatitis C, through this work the antibodies

were physically adsorbed to the paper surface.®

Park et al. developed a paper microfluidic system where salmonella is quantified by using
a smartphone, as a light source as well as a detector. The vast majority of modern day
smartphones consist of a flash and a digital camera, this flash is sufficient as a light source
and the camera acts a detector based on the amount of light absorbed.® Within this work
the antibodies were immobilised onto polystyrene beads which through the channels

etched into the paper could be manipulated. With a change in the absorption measured.

However there are some issues with paper based systems as reviewed by Yetisen et al.
there are difficulties in guaranteeing sufficient washings throughout the analysis as well

as their abilities to become commercial and profitability. The review also outlines a lot of
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potential in the area and is and will continue to be one of the immerging technologies

however due to their limitations this substrate will not be taken forward.®

1.6 Point-of-Care Testing

Point-of-care (POC) systems operate based on the idea of providing a result as and when
it is required within a short time frame at a place where the patient can obtain treatment
or advice appropriately. Therefore a system by which the patient gives a sample and gets
the result at the same time. James Nichols described POC as systems where the tests are
carried out “where or near clinical care” is conducted®®; this could be in the form of a
doctors surgery or within the hospital themselves. This has numerous advantages as it
allows GP’s to have a greater control over the health care of their patients as well as rapid

diagnosis of issues.

Examples of where POC systems have become commercial are the lateral flow
immunoassays; an example of which, is the ovulation test that mothers can use to give an
indication as to whether or not they are ovulating, one of the common commercial
products in the UK is produced by a company called Clearblue. The test is based on a
urine sample where LH binds to pre-deposited antibodies on the surface. After which one
of two readings can occur, either a blank circle to indicate ovulation has not occurred (no
LH) or a smiley face to indicate ovulation has occurred (high LH). These tests are very

popular due to the ease of use and rapid response.

POC can be carried out via many different ways and many new methods are being
developed to allow diagnostics to occur on a smaller and more user friendly scale. These
systems would preferably be able to detect several analytes at the same time the lab-on-

a-chip (LOC) platform is ideal for enabling this to occur.
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1.6.1 Lab-on-a-chip for POC

LOC are devices that incorporate multiple analytical steps on a chip that is no more than
a few square centimetres in area, the device typically incorporates channels with
micrometre dimensions. These systems work by manipulating the analyte and reagents
through different stages such as pre-concentration, mixing and detection. This area of
research is fairly new having taken shape within the last 20-30 years, the opportunities
that can be achieved through this area makes it very attractive. This area is synonymous
with POC however there are opportunities to carry out synthesis as well as other
applications on a small device®. In this context developing a LOC system would allow
the mixing of the saliva with another solution containing a labelled component, the
mixture can therefore bind to the pre-immobilised antibodies, followed by CL detection.

A key feature involved with these systems is microfluidics.

1.6.2 Microfluidics

Many LOC devices operate through microfluidics due to the sizes of the channels within
the device. Microfluidics involves the movement of very small volumes of reagents;
typically on the 10°% — 1078 litres range®® through micro-channels that have dimensions
of 10’s rising to 100’s of micrometres in width and depth. These channels can be designed
based on the requirements of the system and what role the channel has within the system.
The huge benefit of these volumes is the low sample and reagent requirement which can

aid cost as well as speed up analysis.
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1.7 Fabricating LOC Systems

1.7.1 Substrates

There are various different substrates that can be used to fabricate microfluidic devices,
the substrate of choice depends very much on the required application of the system, what
form of detection the system will take and the chemicals that are involved. Some of the
main substrates include silicon, quartz and glass.** The benefits of these materials are
they are chemically compatible, have good optical properties and ease of channel
fabrication. Silicon is an ideal substrate when it comes to fabricating channels that are in
the <100 nm region; however due to its electrical conductivity it is not suitable for systems
that require the use electroosmotic flow (EOF) (see section 1.7.3). Silicon is also
hydrophobic which can cause issues when it comes to fluid manipulation specifically
when using the aqueous phase. Quartz on the other hand has excellent optical properties,
allows the use of EOF and has a low thermal conductivity which can allow a greater
control of the system. Fabrication in quartz is however challenging. To prepare a
microchannel two quartz plates need to be thermally bound together at temperatures in
excess of 1150 °C also quartz is very expensive.®® Glass in various forms such as soda-
lime, Pyrex and borosilicate are commonly used to fabricate microfluidic devices, glass
is substantially cheaper than quartz and thermal bonding can occur at a more modest 600

°C.

In more recent times polymer has emerged onto the scene as an alternative way of
developing microfluidic devices, several polymers have good optical properties
(transparent down to 300 nm) and despite a large initial cost for the required equipment
for fabrication (see section 1.7.2.3) polymer devices are cheap to fabricate, therefore can
be disposable, which for a POC system is ideal where a one-time test is required. A few
examples of polymers currently used are polymethymethacrylate (PMMA),

polydimethylsulfoxide (PDMS) and cyclic olefin copolymer (COC). A major drawback
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however to the use of polymer substrates are that they are chemically incompatible with

a number of organic solvents.

1.7.2 LOC Fabrication
Fabricating microfluidic systems can be achieved in different ways and the technique that
would be used depends on the substrate, the accuracy of the channels that are required the

equipment available to carry out the fabrication and time needed.

1.7.2.1 Fabrication in glass using wet etching

This process is one of the most common methods of fabricating a microfluidic device
using glass or silicon as the substrate. McCreedy, showed that wet etching can be carried
out by covering the glass or silicon with a chromium metallic layer over which a
photoresist is spin coated and finally a mask which contains the design of the channels.
Initially UV light penetrates the photoresist which imprints the channel design onto the
surface of the device. The chromium layer is then removed using a metal etch after which
the channels are etched into the substrate using an etching solution®® (typically
hydrofluoric acid). A diagram of this process can be seen in figure 1.13. When etching
in glass it is important to note that the etching is isotropic resulting in the walls not being
parallel, as the etch solution etches deeper this causes etching of the wall of the glass
resulting in a non-uniform width across the channel.®® °" This fabrication technique has

an accuracy of a few microns.

The glass fabrication technique follows a route represented in figure 1.14:
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Figure 1.14: Schematic showing each process involved during the fabrication of a glass microfluidic
device.

Bonding of glass chips

As shown in figure 1.14 the final stage involves the addition of a top plate to the base
plate to create a closed environment, this binding typically occurs through thermal
bonding (~550 °C) however within this work the antibodies will be immobilised onto the
chip prior to bonding the glass plates together, therefore due to the high temperatures that

are involved antibody destruction would result, an alternative method therefore is

required.

. Chromium metal is deposited onto the

glass surface followed by a photoresist.

. A mask with the channel designed is placed

on top of the glass surface; and is exposed to
UV light to imprint the channel design.

. The mask is then removed leaving the

imprinted channel design.

. The chromium metal is then chemically

etched away.

. The glass is etched with an etchant such as

hydrofluoric acid to leave the channel design
in the glass.

. The metal and photoresist are removed

leaving the glass with the channel present.

. The top plate is bonded leaving the

microfluidic device.
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1.7.2.2 Polymer fabrication

One of the most common ways to prepare polymers chips is through injection moulding.
This technique allows mass scale manufacture of polymer microfluidic chips.%® The
principle behind it is the fabrication of a mould that contains the design of the microfluidic
device which can therefore be used over and over again. However for each new chip
design a new mould would need producing. Melted polymer pellets are injected into the
mould at a high temperature and pressure; as it solidifies the polymer takes the shape of
the device design.®® The mould itself is typically made from a metal such as nickel due to

the high pressures and temperatures involved.'®

The mould can be prepared in metals via the traditional photolithography technique
discussed in section 1.7.2.1, where UV light can be used to map out the design of the
microfluidic device. However instead of wet etching this process relies on electroplating
to outline the channels.*® However polymer fabrication is moving away from developing
moulds through lithography and to using computer numerical control (CNC) this system
works by programming a machine, for example a drill that can be used to fabricate a
design into a metal such as aluminium.®* The use of CNC relies on a large initial cost for
the machinery and software however after this initial outlay polymer devices can be
produced on a large scale for very little cost, the resolution that is possible is very
dependent on the equipment and drills purchased, however accuracy can be down to a

few microns and is therefore comparable to glass fabrication.
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1.7.3 Microflow

Manipulating fluids on such a small scale can have its challenges as parameters such as
surface tension become more important.!% The way fluids are controlled through the
microfluidic device stem from the chips design and the pumping method. Pumps are
commonly used as a way to introduce fluids and control the rate at which the fluid moves

around the device, this is known as pressure driven flow.% 103

Pressure driven flow is compatible with both aqueous and non-aqueous fluids, the flow
required for the system is heavily dependent on the viscosity of the liquid as well as the
devices geometry this parabolic flow (figurel.15). Alternatively applying a voltage across
the surface of a channel which is already charged, liquids can be moved by electroosmotic

flow (EOF). EOF creates a plug flow profile see figure 1.15.04

a) b)

Figure 1.15: Flow profile for a) parabolic flow were there flow is faster within the middle of the
stream due to friction from the channel edge and b) EOF showing a plug profile where the liquid
flows universally across the channel.

EOF is the flow of liquid where, a potential is applied across the channel and with glass
surfaces being negative, counter ions in the bulk solution will become attracted to the
surface giving rise to the Stern layer with an electrical double layer as shown in figures
1.16 and figure 1.34. When an electrical field is applied, along with a DC potential across
the channel this layer then migrates along the channel taking the bulk solution with it due

to hydrogen bonding between the water molecules and the ions present in the solution.
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Figure 1.16: Schematic showing how EOF occurs where the negatively charged glass surface
attracts the positively charged counter ions. Followed by migration of the bulk flow due to the
electrical field.

Taking figure 1.15 where parabolic flow and plug flow are illustrated, the big difference
between parabolic and plug flow, with parabolic flow the centre of the flow travels fastest
this is due to frictional forces due to the walls of the channels. Whereas during plug flow
which is controlled through a voltage the entirety of the flow travels at the same speed

across the channel.

Chips that are designed to run via EOF generally contain reservoirs where the reagents
are placed before any experimentation work is carried out. The flow rate can then be
controlled by varying the voltage and from the current that is produced the flow rate can

be determined.1%

1.7.4 Mixing of reagents

When carrying out reactions on a microfluidic device, rapid mixing of the reagents is
necessary for a POC device. Due to the small channel sizes viscous forces are dominant
which affects the flow and laminar flow is observed in these systems. Mixing relies on
diffusion of the species across the channel; whereas in turbulent flow, flow is random and
mixing occurs fairly easily in comparison.’®® Figure 1.17 shows both turbulent and

laminar flow.
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a) b)

Figure 1.17: a) shows laminar flow where the red and blue represents two separate streams of
liquid which will flow side by side, requiring diffusion to mix with b) showing turbulent flow which
is largely random and allows mixing to occur at a faster rate.

The Reynolds number is used to determine whether or not flow will be laminar or

turbulent.

_pvL

= (1.1)

Where: Re is the Reynolds number, v is the velocity of the liquid (m s™?), p is the density
of the liquid (kg m™®), n is the viscosity (Ns m™) and L is the channel diameter (m).

When the Reynolds number is <2000 then the flow is deemed to be laminar and when it
is >3000 the flow is turbulent, between this range the system shows properties of both

laminar and turbulent flow.106

For example the Reynolds number is very low (1.5) when flowing water (density of 1000
kg m™®) through a channel which has a typical width of 150 pm, a velocity of 1 cm s’
and a viscosity of 0.001 Ns m, therefore mixing relies significantly on diffusion. When
it comes to designing the device it is necessary to know the diffusion coefficient of the
species in question to determine the length of time for diffusion to occur from one side of
the channel to the other. The diffusion coefficient of the species can be determined

through Fick’s first law on diffusion (Equation 1.2).
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d[A]

ke 1.2
™ (1.2)

J=-D

Where J is the flux of the material, D is the diffusion coefficient (cm? st), [A] is the

concentration of the species (mol L) and x is the length of diffusion (m).

From this equation the Einstein-Smoluchowski equation is derived (equation 1.3).

X = /2Dt (1.3)

Where X is the distance to be travelled (cm), D is the diffusion coefficient (cm? 1), and

tis the time required (s).2%’

The diffusion coefficient itself can also be calculated by using Stokes-Einstein’s equation

(equation 1.4):

kgT
D=
6TNnr

(1.4)

Where D is the diffusion coefficient (m? s2), ks is Boltzmann’s Constant (1.38 X102 m?
kg s K1), T is the absolute temperature (K), 1) is the viscosity of the fluid (Pa.s) and r is

the Stoke’s radius of the molecule (m).

For most small molecules a typical diffusion coefficient is on the order of 102° m? s%. So

Table 1.2 shows the calculated diffusion times at different distances.

Distance Time to diffuse
10 mm 138 hrs

1 mm 83 mins

100 um 50s

10 pm 05s

I pm 5ms

Table 1.2: Diffusion times of a small molecule across various distances.
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Having calculated these values for small molecules, this data can be used to approximate
the diffusion times for progesterone and oestriol which is useful in designing the chip as

discussed in section 2.4.

1.7.5 Detection methods on microfluidic chips

Microfluidic devices have been developed for many different analytical applications,

108 109, 110
H

these can include but not limited to; bioanalysis,”™* pharmaceutical analysis
clinical'™ 2 and forensic applications.'**> The wide variety of applications on
microfluidic devices stems from the ability to design and use them to compliment a

variety of detection methods. Electrochemical and spectrometric methods are most

commonly used in conjunction with microfluidic devices for portable applications.*'4
Spectrometric detection

Spectrometric  detection includes UV-Vis spectrometric, fluorescence and

chemiluminescence methods.
Spectrophotometric detection in LOC

Spectrophotometric techniques are commonly used as a way to detect and quantify many
different molecules, which is why this methodology is increasingly popular when using
microfluidic devices. However generally when carrying out UV-Vis spectroscopy the
cuvette used is typically 1 cm and incorporating this technique into a microfluidic device
would normally reduce the dimensions of the detection cell, which through the Beer-
Lambert Law (equation 1.5) causes a reduction in the path length, resulting in a

substantial decrease in the sensitivity of the system.

I
A= logTo = ecl (1.5)
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Where A is the absorbance, | is the initial intensity of light prior to absorption, 1 is the
intensity of light after absorption, ¢ is the molar absorptivity coefficient (dm*® mol -t cm

1y, ¢ is the concentration (mol dm™) and I is the path length (cm).

Another disadvantage to this method is the requirement of an external light source which
can greatly influence the design of a microfluidic device, however research has been able
to reduce the size of these light sources for example incorporating light-emitting diodes

(LEDSs) into the devices themselves.

Fu et al. developed an integrated microfluidic system where the quantification of
methanol and sulfur dioxide was required. The integrated system used an LED that
emitted light at 430 nm, this light was then picked up by a photodiode which when
attached to a voltmeter read a voltage. This voltage was inversely proportional to the
concentrations of methanol and sulfur dioxide with results being no more than 3.7 %
different from those obtained via the normal spectrophotometric methods. The group also
stated that the LED itself can be changed to emit a wavelength that is suitable for detecting
other molecules.* Other approaches include using fibre optics and a microspectrometer
this would allow the device to be entirely portable which for a clinical setting is not
essential but can allow clinicians to take devices with them when treating patients at

home.

Nicolini et al. developed a way to increase the path length by modifying a surface to
decrease its wettability resulting in the formation of droplets. Through this method the
droplet that had formed increases the path length increasing the sensitivity of the system;

which is an issue of microfluidic devices.16
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Fluorescence

Fluorescence is a property that some molecules exhibit where they have the ability to
absorb light at one wavelength and then emit light at another wavelength that is longer
than the initial incident wavelength, these molecules are called fluorophores. The

intensity of the fluorescence is described by equation 1.6:

Where | is the intensity of the incident light, c is the concentration of the emitting species
(mol dm™), Po is the radiant power of the incident light and k is a constant.'’ However
limitations to this equation are that this only applies at very low concentrations of analyte,
whereby at higher concentrations the inner filter affect can prevent accurate analysis of
analytes in a solution. What the equation does tell us however is that the intensity of light
is proportional to the radiant power; meaning we can analyse very low concentrations of
analyte by using a powerful light source making it a very sensitive technique. However

these light sources are not cheap.

The process of fluorescence is illustrated by the Jablonski diagram, (figure 1.18). This
diagram shows that a species will absorb a photon which results in the excitation of an
electron to an excited singlet state. This electron through internal conversion (IC) will

relax to another excited singlet state. The electron can then undergo one of two options:

e The electron returns to its ground state emitting light through fluorescence (F) or
chemiluminescence (CL) if the excited state is generated through a chemical
reaction and not the absorption of a photon (section 1.8).

e Undergo intersystem crossing (ISC) to an excited triplet state. N.B. this process is
spin forbidden, and then relax back to the ground state emitting light through
phosphorescence.
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Figure 1.18: Jablonski diagram showing the excitation of an electron followed by the various routes

this may take upon relaxation, where S and T represent the singlet and triplet states respectively, A

is adsorption, CL/F is chemiluminescence and fluorescence respectively, P is phosphorescence, IC is
internal crossing and ISC is intersystem crossing.

The high sensitivity of fluorescence means it is commonly used as a method for clinical

applications generally through immunoassays.!8

1.8 Chemiluminescence

Chemiluminescence (CL) is the emission of light resulting from a chemical reaction. It is
similar to fluorescence however unlike fluorescence where the electron excitation occurs
through the absorption of a photon, in CL the excitation is the result of a chemical

reaction.

The efficiency of a CL reaction can be given by its quantum yield which is shown in

equation 1.7.

CDCL - CDRX CDES X CDF (1-7)

Where ®r reflects the chemical yield of the chemical reaction, ®ks is the fraction of the

product that enters the excited state and ®r is the fluorescence quantum yield.
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There are cases however where the CL results from an energy transfer from the excited
state to a fluorophore causing a secondary emission in this case the energy transfer
efficiency (®et) as well as the fluorescence efficiency of the acceptor (®@’F) needs to be

addressed. Equation 1.8 illustrates this.!*®

CDCL == (DR X (DES X CD,F X CDET (1-8)

For a chemiluminescence reaction to occur an electron needs to be promoted to an excited
state which unlike fluorescence where this excitation occurs from visible light in
chemiluminescence it comes from the reaction itself; meaning that a large amount of
energy is needed for this process typically (40-70 kcal mol™?) 1% therefore the reaction
needs to be sufficiently exothermic for this to occur. These chemical reactions are
typically redox reactions where one molecule is oxidised and another is reduced occurring

through the transfer of an electron.
Electron transfer mechanisms

It is necessary to briefly look at how a redox reaction takes place as the electron transfer
can occur through two mechanisms, the inner sphere and outer sphere. Electron transfer
through the inner sphere mechanism relies on two reacting species sharing a ligand
through which the electron is transferred, the outer sphere mechanism relies on the two
reacting species being in close proximity to each other with the electron tunnelling

between the two metal species. (Figure 1.19)
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Figure 1.19: Mechanisms representing a) inner sphere and b) outer sphere electron transfer
processes.

Figure 1.19a shows the bridging between the two metal centres where the electron transfer
can take place, within figure 1.19b the arrow represent the electron transfer occurring
through electron tunnelling between the two metal centres. In CL reactions the electron

transfer occurs through the outer sphere mechanism. 2

Having examined the chemical process for electron transfer, the kinetics of the system
needs exploring, for most chemical processes the reaction follows transition state theory
which discusses how reactions takes place and states that the formation of the products is
favoured over remaining as reactants, i.e. the products need to be lower in energy than

the reactants (figure 1.20).
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Figure 1.20: Energy profile for a typical chemical reaction.
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Figure 1.20 shows that the reactants are higher in energy than the products, insinuating
that the formation of the products are favourable. However as the figure shows the
transition state is higher in energy still and therefore an activation barrier needs
overcoming, this is known as the activation energy. What this means is that energy needs
putting into the system to initiate the chemical reaction. Transition state theory is useful
for reactions where bonds are broken and formed, this is not the case for electron transfer
processes, for these scenarios Marcus theory outlines the relationship between transition

states and activation energies required.?

Marcus Theory

In 1956 Rudolph Marcus proposed a theory to show the rate of electron transfer, this
theory shows the amount of energy that is required to enable an electron transfer to occur,
the theory states that the activation energy (AG') is low when the reactants and products
are similar in molecular geometry; with the activation energy being large when the
reactants and products respective geometries are substantially different, this is shown by
figure 1.21 where the greater change in the reaction coordinate (Ax) the larger the

activation energy required:
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Figure 1.21: Schematic showing how the change in the reaction coordinate affects the activation
energy required for successful electron transfer.

Figure 1.21 shows how the activation is affected by the reaction coordinate with a larger
reaction coordinate resulting in a larger activation energy. These figures shows the
systems as parabolic this is to follow Hook’s Law which states that vibrational energy
states are harmonic oscillators. The transition steps occur after a vertical increase in
energy, this is caused by the Frank-Condon principle; which suggests that the electron

transfer is so rapid that no nuclear configuration can take place.

The Marcus model followed on from previous work by Libby which shows that slow
electron transfer kinetics is a result of solvation effects, where a reorganisation of the
oxidised or reduced species needs to take place, this is due to the electrostatic interaction
between the solvent molecules and the redox species.*?! Marcus took this further, within
his model the reorganisation is given by the term A. His model expands to show the
probability of electron transfer as well as the rate constant for this process as AG becomes
more negative.
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Marcus looked at the probability of electron transfer occurring which is due to the strength
of the coupling between the electron donor and acceptor, he outlined two ways for this to

occur which is adiabatic and non-adiabatic (figure 1.22).

Adiabati
Non-Adiabatic iabatic

R R

Figure 1.22: Schematic showing the parabolas for a non-adiabatic and adiabatic system.

Figure 1.22 shows parabolas for non-adiabatic and adiabatic systems, a non-adiabatic
system involves a quantum jump between the two curves, an adiabatic system is one that
is impassable to heat; i.e. no heat is generated or lost. With respect to electron transfer no
guantum jump occurs instead the two curves form a continuum whereby the electron

transfers smoothly between the two states.'??
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Figure 1.23: Schematic profile showing how the rate constant changes when the negative Gibb’s
free energy increases.

The key finding from Marcus was that the rate constant increases as the electron transfer
becomes more exothermic, this is known as the normal region; what was of note which
can be seen in figure 1.23 where at a certain point, as the electron transfer becomes more
exothermic the rate constant decreases, this is known as the Marcus “inverted” region. At

the tip of this bell curve the process is activation-less (AG'=0).

To assist in understanding the Marcus model it is necessary to look at Arrhenius’
expression, this expression shows the relationship between the rate of reaction and the

activation energies (Equation 1.9).

Ea
k =Aexp RT (1.9)

Where: k is the reaction rate constant, Ea is the activation energy, R is the universal gas

constant, T is the absolute temperature and A is a pre-exponential factor.
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What the Arrhenius expressions tells us is that for large activation energies the rate
constant will be small and for low activation energies the rate constant will be large which
is indicative of a CL reaction where the system needs to be sufficiently exothermic to
allow the excitation of the electron, typical 40-70 kcal mol™ is required.!® However as
figure 1.23 shows as the Gibbs energy gets more negative the rate constant decreases

indicating that CL reactions take place in the Marcus “inverted” region.

Through the Marcus model there is an assumption that the reactant (R) and product (P)

curves are parabolic and therefore follows:

G+_(A+AGO)2
B 42

(1.10)

Figure 1.24 explains this equation graphically:
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Figure 1.24: Parabolic profiles showing the different electron transfer pathways, where a)
represents a scenario where the reaction is neither exothermic nor endothermic, b) the normal
Marcus region, c¢) the activation-less region and d) the Marcus inverted region.

Figure 1.24a occurs when AG° = 0 and therefore AG' is equal to A/4, in profile (b) AG®is
becoming negative resulting in a small A and therefore a lower activation energy, this
profile is a representation of the normal region. In (c) AG® = A this profile represents the
top of the bell plot shown in figure 1.23, at this point the electron transfer is activation-
less (AG'=0) and finally profile (d) shows the situation where AG® becomes so negative

that the activation energy will start to increases, which is the Marcus inverted region.
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Finally this can allow us to derive an expression to calculate the rate constant for a redox
reaction which like Arrhenius relates energy to the rate constant however taking into

account all the different parameters that affect electron transfer:

kgr = kouexp (1.11)

—(A = AG°)?
42kgT

Where ket is the rate constant for the electron transfer, ke is the electron transmission
coefficient, vn is the vibrational frequency of the transition state, kg is Boltzmann’s

constant and T is the absolute temperature.

This equation is known as the Marcus equation by taking the assumption that the curves
are parabolic and combining with transition state theory.'?* 12> CL reactions are observed

within the Marcus inverted region and was reported as such in 1965.1%
Electron Transfer in CL reactions

Hercules describes the electron transfer process within chemiluminescent reactions
particular well, they state that for a CL reaction to occur the system needs to favour the
formation of the excited state rather than the ground state i.e. the excited intermediate has
a lower activation energy than the straight formation of the ground state products (figure

1.25).
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Figure 1.25: Energy profile showing the electron transfer processes for a chemiluminescence
reaction.

For a CL reaction that gives off absolute light intensity the formation of the excited state
needs to be favourable, as can be seen in the figure that the formation of the products is
exothermic with respect to the formation of the ground state products and the excited state
products, however the formation of the excited state products has a lower activation
requirement and is therefore kinetically favoured, resulting in the formation of the excited
state and subsequently the emission of light. CL reactions occur is an example of the
inverted region because as the system becomes more exothermic more energy is then

required to activate the formation of the ground state products.*?’
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Having explored the theory behind the phenomenon of chemiluminescence lets

investigate the various molecules that can exhibit this.

1.8.1 Molecules involved in chemiluminescence reactions

1.8.1.1 Peroxyoxalates

Peroxyoxalates are oxylates that have been treated with hydrogen peroxide, this
molecules when in contact with dyes emit light, with the dye that is used affecting the
colour of the light that is emitted. It is through these molecules that glow sticks operate.
These molecules operate where the light emission comes from the fluorophore and not
from the products of a chemical reaction as is the case with luminol for example. As stated
this allowed the emission of the light to be controlled by the fluorophore used in the
reaction. Peroxyoxalates are not used with regards to immunoassay therefore they will

not be discussed further.

1.8.1.2 Lucigenin and acridium esters

Lucigenin (10,10’-dimethyl-9,9’bisacridinium dinitrate) (Figure 1.26) reacts in a similar
fashion to that of luminol and undergoes oxidation using hydrogen peroxide or oxygen as
oxidants however the light emitted is very intense especially when in the presence of

transition metals such as cobalt (I1) where a bright blue-green light is observed.

Figure 1.26: Structure of lucigenin.
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From the figure we can see that lucigenin has the acridinium backbone this means a
number of other molecules that are closely related to lucigenin can exhibit
chemiluminescence properties. Weeks et al. successfully synthesised 4-(2-
succindimidyloxycarbonylethyl)phenyl-10-methylacridinium-9-carboxylate

flurosulfonate see figure 1.27. 128
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Figure 1.27: Structure of 4-(2-succindimidyloxycarbonylethyl)phenyl-10-methylacridinium-9-
carboxylate flurosulfonate synthesised by Weeks et alt®

H3C

Weeks used this molecule as a label tagged to an antibody that can then be used in
immunoassays, which was very advantageous at the time when the majority of
immunoassays relied on radio labels. These esters have the big advantage that they do not
rely on an external oxidant such as hydrogen peroxide, however they rely on harsh basic
conditions (pH 12-13) to give the optimum CL response. Also these esters are fairly
unstable and within this basic environment and with oxygen the pseudo base can form

that does not undergo any CL responses, 119128129

1.8.1.3 Acylhydrazides

Luminol is one of the most familiar molecules that exhibit chemiluminescence and has
been studied extensively since it was first reported by Albrecht in 1928.%° Luminol along
with an oxidant, usually hydrogen peroxide under alkaline conditions produces light. This
reaction can be enhanced by the use of catalysts, these include enzymes (that have already
been mentioned for immunoassay detection) and metals, many of the 3d metals can act
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as a catalyst such as copper, iron, manganese, iron and cobalt.!'® Luminol is also unique
in that within the aqueous phase it will emit light in the blue region of the electromagnetic

spectrum, whereas in an aprotic solvent a yellow/green light is emitted.!®
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Figure 1.28: Structures of luminol and isoluminol.

Isoluminol is an isomer of luminol where the amine group is found in the 4 position rather
than in the 5 position, isoluminol; as expected has a similar chemiluminescence efficiency
as luminol but due to the position of the amine group it reduces steric issues and therefore
can be used in chemiluminescence labelling, however it is substantially more expensive

than luminol.13!

Luminol is commonly used with hydrogen peroxide, where the hydrogen peroxide acts

as an oxidising reagent

Figure 1.29 shows the luminol and hydrogen peroxide reaction:
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Figure 1.29: Mechanism showing the luminol reaction when in a basic aqueous environment
followed by its reaction with hydrogen peroxide which emits light at 425 nm. Adapted from
Chemiluminescence and Bioluminescence Past, Present and Future.**?

Once luminol is dissolved in a base the acidic protons bound to the nitrogen atoms
dissociate forming the anion radical. Upon interaction with hydrogen peroxide and a
catalyst the oxygen from the peroxide attacks the positive carbon due to the presence of
the ketone. This forms luminol endoperoxide. As the nitrogen cleaves of and leaves the

excited state is formed which upon relaxation emits light.
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The mechanism outlined is one of the most commonly presented in the literature and is
also found in the textbooks.!®® There are however other mechanisms presented in the
literature that deviate slightly from the one outlined here, Puga Molina et al. presents a
mechanism that is very similar however they state that when the peroxide attacks the
luminol the hydrogen atom remains a part of the peroxide and does not form the hydroxyl

group presented above.

Figure 1.30: the alternative intermediate outline by Puga Molina.3

The role of a catalyst is not detailed in the text book mechanism, Chen et al. used copper
nanoparticles!® as a catalyst while Puga Molina used titanium (111).13* While there is
agreement with the general process the exact intermediary steps is up for discussion which

could well be catalyst dependant.

Luminol itself is not soluble in water, therefore to aid the solubility the luminol is
dissolved in a base, the basic environment allows dissolution as well as increasing the
intensity of light emitted, due to the base being able to remove the protons on the nitrogen
groups, resulting in the luminol becoming more reactive resulting in a larger emission of
light, however this does impact the shelf life of the solutions, which needs to be taken

into account when designing a system that relies on luminol detection methods.!®

Cobalt (I1) is a well-known chemiluminescence catalyst and quite a lot of work has been

carried out where cobalt is detected at sub ppb levels based on its efficient catalysis.**®
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In 975 Burdo and Seltz proposed a mechanism of how cobalt catalyses this reaction and

this shown in figure 1.31:1%°

Co?" + HO, Co*"-HOy 0
Co**-HOp + H,0 Luminol ——— (0o3*-30H" + Luminol-- )
Luminol ~ +HO,, ———> Light G)

Figure 1.31: Proposed mechanism for the cobalt catalysis of luminol and hydrogen peroxide.

Burdo proposed that for the luminescence to occur cobalt and peroxide react to form a
cobalt-peroxide intermediate, step 1 within the figure. Step 2 shows that this intermediate
reacts with luminol in aqueous media to form the luminol radical, Burdo claims this is the
rate determining step. This radical then reacts with peroxide to release light (step 3).
Comparing this to the general mechanism described above (figure 1.29) the mechanism
suggested here is different to that presented which again shows there is minimal

agreement as to what the mechanism for this reaction is.

Kinetics of the luminol reaction

The reaction of luminol and hydrogen peroxide exhibits fast reaction kinetics, Lind
reported that in aqueous solution the luminol and hydrogen peroxide reaction can have a

rate constant of 2 x10° s1.1%7

From the various molecules that can be used to carry out chemiluminescence reactions,
the luminol and hydrogen peroxide reaction will be utilised due to the commercially
available HRP; as well as the extensive use of this combination of reagents in the

literature.
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1.8.2 Chemiluminescence in microfluidic immunoassays
Chemiluminescence as a detection method is heavily utilised in microfluidics as the
chemical reaction generates the light that can be measured unlike other spectroscopic

techniques that require an external light source.

In recent times there has been an increase in the number of papers published using CL
immunoassays in LOC with the need to use smaller and less complicated systems, it has
been shown that CL immunoassays can be heavily utilised on chip.%® A few examples of

current applications are discussed:

Fan et al. developed a microfluidic CL immunoassay system to quantify the protein a-
fetoprotein. This protein is produced typically by the foetal liver and the levels subside
after birth and is largely illusive in adults. However if this protein is found in large
concentrations this could indicate the early onset of liver cancer. The development of a
microfluidic device allows rapid detection of this protein, combining this with
chemiluminescence allows the required sensitivities to be reached. In this example a limit
of detection of 1.5 ng mL* was determined in serum. This system was based on using

HRP as the CL catalyst with luminol and hydrogen peroxide.'%

Pires and Dong developed a microfluidic system that uses chemiluminescence
immunoassays to monitor waterborne pathogens in this case Legionella pneumophila,
within this work the HRP based chemiluminescence system was again utilised however
they also included the use of gold nanoparticles, these nanoparticles enhanced the CL
signal making it more sensitive and allowing 25 times improvement over previous

methods.13°
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Due to the sensitivities that can be achieved through CL, as well as the ease and simplicity
of the detection method; this method was chosen to take forward and investigate to
quantify the concentrations of progesterone and oestriol in saliva. CL is definitely a

method that can be used within point-of-care systems.

1.8.3 Chemiluminescence detection

To collect a chemiluminescence emission a dark environment is required to house the
detector. Detection is achieved by two main methods, the use of a photomultiplier tube
or a charge coupled device (CCD). CCDs are usually used in conjunction with a camera,
both of these tools have their advantages and disadvantages and each will be discussed
fully. The types of detector chosen have a wide dynamic range, so that they can detect
both very low levels of light emitted as well as light that is produced at a higher intensities.
The light has to be detected within the region that luminol emits, which is 425 nm in

aqueous media so the detector should work within the 400 — 500 nm range.
Photomultiplier tubes

Traditionally photomultiplier tubes have been the most popular photodetector with its
high sensitivities, due to its ability to detect a very small number of photons, figure 1.32

shows how a photomultiplier tube operates.

Photocathode

Anode
-

—_—
Photons —

l

Figure 1.32: A schematic showing the operation of a photomultiplier tube.
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Initially the photon interacts with the photocathode, which is commonly made from
antimony that is doped with a variety of different group 1 metals.**® After interaction with
the photon a photoelectron is released due to the transfer of light energy to the electron.
As these electrons travel through the tube they are amplified via a series of dynodes at
increasing voltages until the anode is reached; the current that has been generated through
the system is then measured.!!® Photomultiplier tubes have the benefits of being very
sensitive; however carrying out multiplexing is more challenging as the photomultiplier
tube would need to be coupled with a monochromator; alongside this the analytes would
have to emit light at different wavelengths and then analysed individually. This would
lead to a complicated detection system, because of this these detection systems are not

utilised within this investigation.
Charge coupled devices (CCD)

Within a CCD there are separate areas; as can be seen from figure 1.28 these separate
areas are called pixels these pixels absorb photons which are stored for the duration of
the exposure. After this time the pixels are integrated against the time that the image was
taken to give an image which can then be analysed. Through the use of a CCD integrated
into a camera and a heterogeneous immunoassay we can measure the concentrations of
both progesterone and oestriol within one sample. The image provided allows the spatial
resolution by having an understanding of what the image is displaying and therefore

which antibodies the light signal is coming from.
How does a CCD operate?

CCDs can be integrated into a camera; this can allow the analysis of multiple analytes

through analysis of the image that is detected. Figure 1.33 shows how a CCD operates.

71



0
©1l o
o0 ©%fo o 0 o
O oo © o) © O
> [0Plol > oo B3>
1 2 3
0
Ol o
RS> o loo] P o[>
4 5 6
o[>

Figure 1.33: Schematic showing how a CCD operates based on a 2 x 2 pixel chip, where the circles
represent photoelectrons that are stored within the pixels.t%

From figure 1.33, step one represents the end of the exposure. During the exposure as the
CCD absorbs the photons of light; the electrons are promoted from the valence to

conduction bands and stored within the individual pixels of the camera.

Step 2 shows that the charge stored within each row transfers down one row, this results

in the lowest row being transferred to the readout area.

Step 3 the charges within the readout register and then transferred to the charge to voltage

convertor (CVC) where the charge is converted to a voltage.

Step 4 shows the last pixel content from the read-out register has been transferred into the

CVC.
Step 5 shows the next pixel row being transferred to the lower row.

Steps 6 and 7 represent a repeat of steps 3 and 4 until all the charge has been cleared and

the CCD is ready for the next exposure.!®

72



1.9 Electrochemistry

The use of electrochemical measurements are of great benefit due to the high amount of
control that can be achieved through these techniques, with that the technique in itself
becomes quality control of a redox process simply by looking at the voltammograms and
knowing what is on and around the electrode surfaces. Electrochemistry has the benefits
of very good sensitivities with respect to immunoassays Liu et al. achieved fmol limits of

detection.'*
What is electrochemistry?

An electrochemical experiment typically involves a solution that contains electrolyte and
redox species that is under investigation. When a potential difference is applied across
the electrode-solution interface redox species undergo either oxidation or a reduction; this
is dependent on the potential applied. Through this applied potential the electrical double

layer is formed figure 1.34:

Diffusion Layer
-
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®
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Distance from the electrode

Figure 1.34: Schematic representing the electrical double layer.

1.9.1 Movement of ions towards the electrode
Generally when redox species are being oxidised a positive current is observed and when
the species are reduced a negative current is observed. This current is known as Faradaic

current and obeys Faraday’s Law of electrolysis. Equation 1.12.
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Where m is the mass of the species liberated from the electrode surface (grams), Q is the
electrical charge passed through the substance (coulomb), F is Faraday’s constant
96485.4 C mol, M is the molecular mass of the species (g mol™) and z is the number of
electrons transferred per ion. Where Q = it where i is the current and t is time; showing

there is a relationship between the amount of substance and the current passed.

It is necessary that there is constant flux of material to the electrode surface to allow
current to be produced. This current is proportional to the concentration of the redox

species in solution. The constant flux of material occurs through mass transport.

There are three main ways mass transport can occur and this is through diffusion,
migration and convection it is important to note that the current observed is because of

all these three reasons.*?
Diffusion

Diffusion is the migration of molecules from an area of high concentration to an area of

low concentrations, as described in section 1.7.4.

The current produced is proportional to the diffusion coefficient as expressed in equation

1.12:

iA = nFADA 6

Where ia is the current produced (Ampere), n is the number of electrons transferred, F is

Faraday’s constant (96485.4 C mol™), A is the electrode area (cm?), Da is the diffusion
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coefficient (cm s), [A] is the concentration of species A in the bulk solution (M) and at

adistance () of 0 from the electrode surface and § is the diffusion layer thickness (cm).142
Migration

Migration is the movement of charged species against an electric potential gradient due
to the potential that is exerted upon a solution. However due to the diffusional double
layer described previously migration is difficult to measure, therefore to compensate for
this a huge excess of electrolyte is used, typically in the region of 0.1 M, so all the current
that comes from migration is from the background electrolyte and not from the redox

species in question. The flux through migration can be calculated by equation 1.14:

4 = DzE[A]F /RT (1.14)

Where Ja is the flux of the material, D is the diffusion coefficient (m s), z is the charge
on the ion, E is the electric field (N C?), [A] is the concentration (M), F is Faraday’s
constant (96485.4 C mol™), R is the universal gas constant (8.3142 J mol* K1) and T is

the absolute temperature (K).
Convection

Convection is the mechanical movement of the species in a solution, this occurs either
through natural forces or mechanical forces. Natural forces include gravity, temperature
affects; surface tension etc. These are difficult to control and model, however these are
not significant over short timescales < 10 s. Mechanical forces occur through human
processes such as stirring the solution. The flux through convection is measured by

equation 1.15:

Ja=v 4141 (1.15)
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Where Ja is the flux of the material, v is the solution velocity (m s?) and [A] is the

concentration (M).1#3

Combining all three forms of mass transport equations, (equations 1.2, 1.14 and 1.15)

gives the Nernst-Planck equation:

_ S[A] D,zE[A]F
Ja= —Da Sx RT

DA + V[A] (1.16)

Where Ja is the flux of the species, [A] is the concentration (M), x is the distance from
the electrode surface (cm), D is the diffusion coefficient (cm s™), E is the electric field (N
C1), z is the charge of the species, F is Faraday’s Constant (96485.6 C mol™?), R is the
universal gas constant (8.3142 J mol* K1), T is the absolute temperature (K) and v is

velocity (m s™).
Electrochemistry in microfluidic systems

Incorporating electrodes into microfluidic devices can provide a simple; low cost route to
detect and monitor analytes; electrochemical routes have very good sensitivities.144 145
For example Chen et al. used gold nanoparticles as an electrochemical route to detect
haemoglobin Alc which is a biomarker that can give information on a patients glucose
levels, within their work the nanoparticles were tagged to the anti-haemoglobin
antibodies. This system operated through a sandwich immunoassay where antibodies
were pre-immobilised onto the surface. The detection occurred through the
electrochemical response of the nanoparticles with sensitivities of 25 ng mL*
substantially lower than what was required for haemoglobin Alc.}*® Shiohara et al.
developed an automated microfluidic immunoassay whereby a blood sample was mixed

in a solution of colloidal gold which contained a secondary antibody, this was then loaded
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onto a pre-prepared chip and inserted into an automated machine which gave an

electrochemical readout as the concentration of insulin in the blood.**’

Figure 1.35: Photograph showing the integrated microfluidic, electrochemical immunoassay.
(Permission of use granted by Springer Publishing).1#
Electrochemical methods provides a suitable method for investigation as the sensitivities
are close to those seen with CL as well as electrochemical process are readily used

commercially today e.qg. the glucose test that diabetics use.

Electrochemical approaches for POC systems are very promising, due to the sensitivities
and control that can be exerted from them. One of the most common and widely used

POC systems, the diabetes glucose test operates through an electrochemical approach.

With electrochemistry currently out there as a route to carry out quantitative
measurements simply and universally, it would make sense to explore the possibility of

exploiting this for the aims of this work.

1.9.2 Electrochemical methods

Electrochemical redox measurements are generally conducted through a three electrode
setup where there is a working electrode, a counter electrode also known as the auxiliary
electrode and a reference electrode. The working electrode is where the chemistry
happens, the counter electrode (auxiliary electrode) is to complete the electrical circuit

such that the current flows between the working and counter electrodes and finally the

77



reference electrode which gives a stable known potential to relate the measured potential

against.1*8

The role of the reference electrode is key to ensure the working electrode is producing
the desired potential. The need for this is two-fold, one is due to charging on the electrode
surface as a result of the double layer present a larger voltage maybe required to overcome
this and therefore not interact with the species in question at the correct voltage and
secondly, due to the solution resistance resulting in the working electrode having to work
even harder to overcome that which together results in Ohmic loss. To ensure the correct
potential is measured throughout the solution the reference electrode feeds this
information back to the potentiostat so the working electrode can alter the potential
accordingly. This is the negative feedback loop. Also the use of electrolyte aids
conduction within the solution. The impact of Ohmic loss can be minimised by reducing
the current in the system, which can be achieved through lower concentrations, slower
scan rates and smaller electrode radii, this is due to the current being proportional to each

of these variables.14% 150
Cyclic voltammetry

Cyclic voltammetry (CV) works by applying a set potential and then increasing the
voltage in the case of an oxidation or decreasing it in the case of a reduction to a second
potential and returning to the original potential. Figure 1.36 shows the CV waveform

where a scan occurs between V1 to V2 and returning to V1 representing one cycle.
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Figure 1.36: A diagram of a cyclic voltammetric waveform.

Cyclic voltammetric experiments are carried out at a set scan rate which is measured in
V s, Scan rates can vary from being fast or slow depending on the type of experiment
being carried out, scan rate investigations allow a strong characterisation of the
electrochemical system giving information such as kinetics and diffusion coefficients.
When conducting the first sweep there is generally an oxidation followed by a reduction;
however this only applies if the reaction is reversible, if the reaction is irreversible then
only a single peak is observed either the oxidation or the reduction peak. Figure 1.37 gives

an example of a reversible cyclic voltammogram.
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Figure 1.37: Example of a cyclic voltammogram.
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From the voltammogram typically the peak current and peak potentials for both the
oxidation and reduction peaks are used to carry out the analysis. The use of cyclic
voltammetry is a good technique to use to get an understanding of the system that is being
investigated. However the techniques inability to differentiate between capcitative and
faradaic current limits the sensitivities that can be achieved. Capcitative current is the
current observed due to the electrical double layer at the electrode surface and faradaic

current is that observed as a result of an electrochemical reaction taking place.
Square wave voltammetry

Square wave voltammetry as a concept was described by Barker and Jenkins™®! in 1952,
however due to the available instrumentation at the time the application was very limited,
however as technology has improved today’s potentiostats allows this technique to
become more available and is commonly used in analytical studies.>? This technique has
become increasingly popular amongst analytical chemists and the development of
medical based systems due to the sensitivities that can be achieved, compared to cyclic

voltammetry. The waveform is shown in figure 1.38:

.
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Figure 1.38: Diagram showing the square wave waveform where a staircase waveform and square
wave waveform are combined to result in the overall square wave voltammetric waveform, current
measurements are taken at points 1 and 2.5
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A square wave voltammetric waveform consist of staircase waveform superimposed onto
a square wave this can be seen in figure 1.38. The square wave signal generated is taken
at two points within the waveform, where the current at point 1 and at point 2 are then

subtracted from each other (equation 1.17).

Al = 12 - 11 (1.17)

Square wave voltammetry has grew in popularity due to the sensitivities that can be
achieved. These sensitivities are the result of the techniques ability to differentiate
between capcitative and faradaic current due to the current only being measured at the
end of the pulse. The result of this is an increased sensitivity. Unlike CV, SWV is
unaffected by oxygen due to the pulsing of the technique, whereas with CV oxygen can

have an effect on the measurements.

Square wave voltammetry has the benefits of being very sensitive allowing detection
sensitivities towards nM range and within this thesis it will be presented that this

technique can be used to detect low levels of progesterone.

1.10 Conclusions

In conclusion to this chapter the methods described in the literature to carry out
immunoassays have been reviewed. It is clear that heterogeneous immunoassays are the

most sensitive and selective they also enable spatial isolation.

Various different ways to immobilise antibodies onto surfaces have been discussed, glass
and plastic surfaces were reviewed both in terms of their suitability for immobilisation as
well as their application as substrates for microfluidic devices. Electrode platforms were
also investigated as a way to immobilise the antibodies due to the control of the surface

that these allow coupled with use of an electrode for electrochemical detection which is
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sensitive and minimises the issues that could arise with spectrometric detection.4!
Chemiluminescence is likewise a detection method that was investigated for the same
reason that the detection method is simple with just a CCD camera and a dark

environment necessary and CL is very sensitive.'*®

As a result of the literature survey heterogeneous immunoassays provide better sensitives
and selectivity as well as the option to have spatial isolation of the antibodies, therefore
this technique was taken forward. Glass and plastic substrates were looked at as
fabrication platforms for the microfluidic system as well as their prominence as antibody
immobilisation platforms. Within this system CL and electrochemical detection methods

were utilised and compared as to which detection method was the most sensitive.
1.11 Aims and Objectives

The aims of this work was to develop a POC device that can rapidly monitor progesterone
and oestriol concentrations in saliva using CL detection. CL allows sensitive detection
with simple instrumentation, where a CCD camera could be used. The objective was first
to develop a reproducible immobilisation protocol for antibodies on solid surfaces.
Having developed a successful immobilisation protocol, CL and electrochemical
immunoassays were carried out to determine the sensitivities of the system. The final

objective was to then incorporate this system into a flow device.
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Chapter 2 Experimental

This chapter outlines the reagents, materials and instrumentation used to carry out
immunoassays. This is followed by an in depth explanation as to design of the devices

that were investigated throughout.
2.1 Reagents

Within this section the general reagents used throughout this work are presented:

Chemical Supplier Purity/Grade
Anti-progesterone AbCam N/A
Progesterone-HRP Randox Life Science Ltd. | N/A
Progesterone Sigma Aldrich >99%
Anti-oestriol AbCam N/A

Oestriol Sigma Aldrich >99%
Potassium Carbonate Fischer Scientific 98%

HCI Fischer Scientific

NaBHa Sigma Aldrich >98%
Glutaraldehyde Sigma Aldrich 98%

KCI Fischer Scientific 99%
Tween-20 Sigma Aldrich 97%

Bovine Serum  Albumin | Sigma Aldrich >96 %
(BSA)

Anti-Human-FITC Sigma Aldrich N/A
Sulfo-NHS Sigma Aldrich 98.5%

EDC Sigma Aldrich 99%

PBS Tablets Sigma Aldrich Not Specified
Luminol Sigma Aldrich 97%
Hydrogen Peroxide Fischer Scientific Not specified
(3-aminopropyl)- Sigma Aldrich 99%
triethoxysilane (APTES)

(3-glycidyloxypropyl)- Sigma Aldrich >98%
trimethoxysilane (GPTS)
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Glacial Acetic Acid Fischer Scientific Analytical Reagent Grade
Sodium Hydroxide Fischer Scientific Analytical Reagent Grade
Ethanol Fischer Scientific Analytical Reagent Grade
Acetone Fischer Scientific Analytical Reagent Grade
Tetrabutylammonium Sigma Aldrich >99 %
perchlorate
4-Nitrobenzenediazonium Sigma Aldrich 97%
tetrafluoroborate
Ferrocenecarboxaldehyde Sigma Aldrich 98%
Diethyl ether Fischer Scientific Analytical Reagent Grade
LiAIH4 Sigma Aldrich 98%
Sodium chloride Fischer Scientific
Ammonium nitrate Sigma Aldrich 97%
Potassium Phosphate Sigma Aldrich 99%
Potassium citrate Sigma Aldrich 99%
Uric acid sodium salt Sigma Aldrich 99%
Urea Sigma Aldrich 98%
Lactic acid sodium salt Sigma Aldrich N/A
Bovine submaxillary gland | Sigma Aldrich N/A
mucin Type I-S
Oestradiol Sigma Aldrich 99%
Oestrone Sigma Aldrich 99%
Testosterone Sigma Aldrich 99%
Vitamin D3 Alfa Aesar >98%
2.2 Materials

There are variety of different materials that have been used throughout this work the

details of which are given:

B270 glass was used for the microfluidic systems, this glass was purchased with chrome
and photoresist pre-deposited on the surface (Telic Co, Valencia, California US). The

chromium layer was etched using Microposit® Developer (50 % in water) and Chrome
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Etch 18 Solution (Rohm-Haas materials supplied by Chestech, Ltd. UK). The glass
itself was etched using 1 % HF/5% NHa4F at 65 °C. The photoresist and chromium that
remained was removed using Microposit® Remover and Chrome Etch 18 Solution

respectively.

For the polymer devices the polymer used was supplied by Altuglas International where

PMMA granules were purchased with a melting point of 200 °C.

For the electrochemical investigation the gold and glassy carbon working electrodes
with 3 mm diameters; the Ag/AgCl reference electrodes were all obtained from Alvatek
(UK). Nickle wire counter electrode was obtained commercially details however are
unknown. Tin doped indium oxide electrodes (75 x 25 mm) were purchased from Delta

Technologies (US).
2.3 Instrumentation

All CL images were taken using a CCD camera used for the chemiluminescence analysis
was a QHY6 CCD camera (QHXCCD, US) fitted with an 8 mm high resolution pixel lens
(Computar, US) the camera was housed in a light-tight box, the camera was controlled
by software provide by QHYCCD. Image analysis was carried out using Image J,

whereby the average pixel intensity of the image was determined.

The light-tight box was necessary to minimise background light interferences which had
dimensions of 60 cm x 29.5 cm x 24.5 cm. This box was developed for a previous project
and had been optimised to carry out chemiluminescence measurements. Within this box

the CCD camera was placed.

Fluorescence images were taken using an Axiovert S100 microscope (Zeiss, UK) fitted
to an IEEE-1394 CCD camera with HCImage software, (Hamamatsu, Japan), with a

mercury lamp as a light source.
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All UV-Visible spectroscopy was carried out using a PerkinElmer, UV-Vis spectrometer

Lambda Bio 10 controlled by a UV-Win Lab software.

For all flow based experiments a KDS-200-CE syringe pump (kD Scientific, US) was

used to introduce all reagents into the flow devices.

Contact angle measurements were carried out using K1 contact angle goniometer (Kruss,

Germany)

All electrochemical experiments were conducted using a combination of an Autolab (UK)
PGSTAT101 which was connected to the Nova software designed by Autolab (UK). A
pAutolab Type 11 in connection with GPES software (Autolab, UK) as well as a

Palmsens 3 connected to the Palmsens software (Alvatek, UK).

2.4 Design of the Microfluidic Device

The chemiluminescence method relies on a competitive immunoassay therefore it was
necessary that two inlets are present in the device, one for the saliva sample and a second
for the progesterone-HRP; these two inlets are also necessary for the luminol and H2O».
The device needed to contain channels that allows thorough mixing due to this occurring

through diffusion (section 1.7.4) and a channel where the antibodies can be spotted.

Device design

The device had to be designed in a way so that multiple antibodies could be immobilised,
I.e. anti-progesterone and anti-oestriol. For the system to be LOC all mixing and detection
protocols have to take place within the device itself and therefore the mixing of the
reagents needs to be taken into consideration especially as previously outlined has to

occur through diffusion.
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To meet these two requirements, the mixing element of the device had to be designed
properly to enable fair competition as is required for a competitive immunoassay. The use
of serpentines allows this to occur efficiently due to the corners that can be fabricated
within the device. As well as this the chip needs to be designed so that diffusion occurs
over the shortest possible distance (table 1.2). Secondly an area needed designating for
the immobilisation of the antibodies, an immobilisation channel was required; this
channel would be slightly wider than the serpentine to allow the spotting of the antibodies

as well as a larger area for CL to be observed.

The diffusion coefficient of progesterone was 4.75x10° m? s as calculated from
equation 1.4 at a temperature of 298 K. Taking a typical channel width of 150 pm and the
diffusion coefficient calculated; using equation 1.3 the time required to cross the channel
is 23.68 seconds which therefore is the minimum amount of time that the reagents need

to be flowing prior to entering the immobilisation channel to guarantee sufficient mixing.

Taking a flow rate of 10 uL min™ and a channel width of 150 pm the velocity can be
calculated to be 0.94 cm s. (Equation 2.2) Which means for a minimum diffusion time

of 23.36 seconds the serpentine needed to be at least 25 cm long.

Velocity = 4 x flow rate/(m x (width?)) (2.2)

The microfluidic device designed means that throughout the flow rate has to be a
maximum of 10 uL min? to ensure sufficient mixing of reagents and this is reflected

throughout.
The volume of liquid within the serpentine region of the device would be 1.5 pL.

This initial chip design was based on using a chemiluminescence only detection. Having
designed the device, fabrication was required and this design was utilised in both glass

and PMMA.
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For the fabrication of the device an initial design was carried out using autoCAD software.
This design was then sent to J .D. Phototools (Oldham UK) to create a mask for

fabrication.

Top Plate

Inlets

Immobisation channel

Figure 2.1: Design of microfluidic chip with a 150 pm channel width and a 50 pm depth within the
serpentine region and a channel width of 800 pm and a depth of 100 pm in the detection channel
serpentine length is 25 cm from the T-junction.

Within this work both a biologically compatible adhesive (to minimise damage to the
antibodies) and double sided sellotape were used to bond the top and bottom plates. After
the bonding of the device Teflon tubing (1.5 mm diameter) was added to the two inlets
and the waste outlet and glued into place with epoxy resin. Thermal bonding was not used
as the high temperatures would destroy the antibodies that had been immobilised prior to

bonding of the device.

Fabrication in polymer

As discussed in section 1.7.2, polymer chips can be fabricated by using an injection
moulder. The initial design was made in aluminium to develop a mould which was then
used to fabricate the polymer chips. Heated PMMA was injected into the mould which
when cooled formed the shape of the mould giving the microfluidic chip. Figure 2.2

shows the mould along with the polymer chip resulting from it.
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Polymer Chip

Aluminium
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Figure 2.2: lllustration showing the aluminium mould and the resulting polymer chip.

The device shown in figure 2.2 was designed based on that shown in figure 2.1 where
there is a detection channel for the analysis where the antibodies were immobilised and a
serpentine for reagent mixing. This chip was designed for chemiluminescence detection.
Section 2.5 discusses the integrated microfluidic device with an electrode. PMMA was
the polymer of choice due to the methacrylate groups on the surface. These groups
allowed the surface to be modified resulting in functional groups that allow the antibody
to react with forming covalent bonds. In the same way as outlined for the glass
microfluidic device the antibodies were spotted in the immobilisation channel with the
top and base plate bound using double sided tape. The same tubing was used for the inlets

and outlets and glued using epoxy resin.

2.5 Inclusion of Electrodes in Flow Devices

One of the biggest challenges in microfluidics is being able to integrate electrodes on chip
due to the need of three electrodes. With this in mind a device was designed that uses the
electrochemical immobilisation platform; but uses CL detection removing the need to
incorporate two other electrodes. Within this section the designs were based on the
reagents being mixed prior to flowing through the device. Initially a macroflow system

was designed where the volumes of reagents are typically > 1 mL.
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Macrofluidic integrated device

Initial integration revolved around using a macrofluidic device with a flat transparent
electrode, this electrode was a tin-doped indium oxide (ITO) electrode. The device is

shown in figure 2.3.

Figure 2.3: Macrofluidic device that can be integrated with an electrode.

The device operated by placing the electrode onto the device and gluing into place with
wax, the benefit of using wax is that it dries very quickly and is hydrophobic so the use
of aqueous media, will not interact with the wax and with no leakages if applied correctly.

This device will be discussed fully in section 5.3.3.

Integrated microfluidic device

Due to the delicate nature of the flat ITO electrode it is necessary to have the top and base
plate of the device already prepared and therefore to incorporate the electrode is through

a slotting the electrode into the device. As shown in figure 2.4.

Area to slot
electrode

4 cm

Figure 2.4: Design of the integrated microfluidic device.
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Initially the top plate and base plate were bound together by using double sided sellotape
and aroller to ensure the two layers are sufficiently bound to minimise the risk of leakage.
Whenever required the electrode could be slotted into the device and analysis can take
place. The design contained two different detection channels, the difference being is that
the wider channel allows a similar comparison to the macroflow device (figure 2.3), while
the smaller channel allows a smaller volume of reagents to be used. In the same way as
with the macroflow system the antibody immobilisation process was carried out before

incorporating the electrode into the device.
2.6 Experimental Setup

Microfluidic investigation

Figure 2.5 shows a schematic of the CL setup for the microfludic systems:

CCD Camera |

\A\\ Computer With

Detection software
60 cm

10 cm . .

o Light tight
| l_ Waste bOX
Syringe Pump — Microfluidic
Y Device

Figure 2.5: schematic showing the general experimental setup for the CL microfluidic system.

The setup consists of a black box which houses the CCD camera, the microfluidic device
is placed under it. The two inlets were connected to the tubing between the syringe pump
the black box. The syringe pump itself has two areas where the syringes are housed and
connected to the tubing. The camera is also connected to the computer where the image
is captured. The outlet of the device is connected to a vial to collect waste which was also

housed in the box.
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Electrochemical setup

The basic electrochemical setup is shown in figure 2.6, the setup consisted of a
potentiostat connected to a computer with the appropriate software; with a three electrode

setup (a working, counter and reference electrode).

Computer With
Detection Software

Electrodes

Reaction Cell
C Potentiostat D) <—— Reaction Ce

Figure 2.6: Schematic showing the basic electrochemical setup where a potentiostat is connected to
a computer and to three electrodes: A working, counter and a reference electrode.

Within this work three different electrode materials were investigated as working
electrodes these were gold, glassy carbon and tin-doped indium oxide. Nickel wire was
used throughout as a counter electrode as this enabled more versatility with respect to the

experimental setup (figure 4.4), the reference electrode was the silver/silver chloride.
2.7 Conclusions

This chapter describes the basic reagents, equipment and procedures used in this thesis.

Specific experimental procedures are described in the subsequent chapters.
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Chapter 3 Chemical Process for Antibody
Immobilisation

3.1 Introduction

This chapter describes the development of a sensitive microfluidic chemiluminescence
immunoassay using the chemical immobilisation of antibodies. The route investigated for
analysis was through a competitive immunoassay where progesterone (found in a saliva
sample) was mixed with progesterone tagged with horseradish peroxidase (HRP), so that
both compete to bind to the anti-progesterone antibodies. Immobilising antibodies onto
solid substrates can be particularly challenging for the reasons outlined in section 1.5 with

the substrate having a bearing on the simplicity and success of the immobilisation process.

The solid supports investigated were glass and plastic, these substrates were chosen due
to the ease of fabrication, transparency at 425 nm and the fact they have been well
documented in the literature. Conducting a chemiluminescence immunoassay for
progesterone analysis is not widely reported, Deboever in 1994 carried out a successful
chemiluminescence immunoassay for progesterone in saliva using microtitre plates.'%
This has not been replicated however and involved large amounts of saliva samples and
as yet has not been reproduced on a microfluidic scale. More recently the majority of
work reported focuses on progesterone in serum®>4+1%¢ with respect to humans and there
is a large focus on other animals;*®’ the reason for using serum is the higher concentrations
found; but as outlined this does not represent a true chemical understand of the patient
(section 1.3), in serum the progesterone is both free and protein bound, the protein bound
progesterone is chemically inactive. This would elevate the concentrations of

progesterone present but not indicate the concentration of the chemically active species.
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3.2 Experimental Procedures

3.2.1 Evaluation of the CL detection method

Initial experiments involved determining the concentrations of luminol and hydrogen
peroxide that results in the highest CL emission signal. Univariate experiments were
carried out initially by using cobalt (11) as a catalyst and varying the concentrations of
hydrogen peroxide and luminol between 1 mM and 50 mM. To measure the optimum
luminol concentration, hydrogen peroxide was fixed at 10 mM in sodium hydroxide (0.1
M, pH 9) and likewise for luminol when investigating the best concentration for H,O».
For all experiments the concentration of cobalt (II) prepared was 1 mM. For each
measurement an Eppendorf tube was used within which 500 pL of the luminol, 500 pL
of H202 and 1 pL of the Co?* were added to the tube and was instantly placed under the
CCD camera for analysis. After the camera was calibrated the CL reagents were evaluated
again but with HRP as the catalyst, the HRP was prepared by diluting by a factor of 1000
the supplied stock with 10 mM PBS. 10 uL of this solution was used for the catalysis

again and with 500 pL of luminol and 500 uL of hydrogen peroxide.

3.2.2 Chemical immobilisation on glass slides
To evaluate the two methods selected for immobilisation contact angle measurements

were made on the glass slides at different stages throughout the silanisation procedures.
APTES silanisation

Initial experiments were conducted on 1 x 1 cm squares cut from microscope slides, glass
surfaces were cleaned by washing with acetone, water and ethanol following a method
described by Joung et al.®® The slides were immersed into each solvent for 10 minutes
under sonication and subsequently dried in an oven at 80, 120 and 80 °C for each solvent
respectively (taking into account the different boiling points of the solvents). This method
was selected over the more traditional method of using piranha solution*®® 1%° because
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despite the guarantee of having very clean glass chips; the use of concentrated sulfuric
acid and hydrogen peroxide is not ideal and if an alternative method is possible, this will

be preferential when it comes to the development of a POC device.

Once the cleaned glass chips were dried they were placed in a solution containing APTES
2 % v/v in anhydrous acetone (acetone was dried using molecular sieves) for 1 hour as
suggested by Howarter et al.’®! This was to increase the hydrophobicity of the glass as
well as to give rise to amine functional groups. The chips were then left in a Petri dish
overnight at 110 °C to cure for a minimum of 15 hours. After this the contact angle was

measured on the glass surfaces.
Addition of the linker and antibody

Two different methods of linking the antibody to the APTES surface were investigated,
the first linker, glutaraldehyde was selected as one of the most commonly used linkers in
the literature, it reacts with the amine on the glass surface as well as the amines present
on the antibody. The second linking method utilises a combination of EDC and sulfo-

NHS and again is widely reported in the literature as discussed in chapter 1.

For the glutaraldehyde method the slides were placed into a solution containing 5% v/v
glutaraldehyde in deionised water for two hours as described by Pui et al.®? The glass
slides were then removed from the solution and dried; they were then placed into a holder
(figure 3.1) where initially 5 uL of a Fluorescein isothiocyanate (FITC) tagged antibody
was spotted onto the slides, the purpose of this was to determine the success of the
antibody immobilisation by observing any fluorescence emission. Other slides were

spotted with 0.2 pL of anti-progesterone undiluted from the supplier (1 mg mL™).
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Figure 3.1: A 3x 3 array holder for 1 x 1 cm squared chips.

For the EDC/sulfo-NHS method after APTES silanisation a 50:50 mixture of anti-
progesterone (undiluted) and a solution consisting of 11 mg of sulfo-NHS and 4 mg EDC
in 1 mL PBS (10 mM) was prepared as described by Vashist.?®® Again 5 pL of a FITC
tagged antibody was also used to determine the success of the protocol through
fluorescence. A 0.2 uL aliquot of this solution was then spotted onto the glass slide and

left for 18 hours at 4°C.
Fluorescence studies

FITC is a molecule that absorbs blue light and emits green light. After the FITC tagged
anti-human antibodies were immobilised, the slides were washed to remove any antibody
that was unbound. The slides were placed under a fluorescence microscope with blue light

(488 nm) beamed onto the glass with emission measurements made.
CL immunoassay protocol on glass slides

The glass slides were removed from the fridge and were washed with 10 mM PBS to
remove any unbound anti-progesterone. Progesterone stock solution was prepared by
dissolving 1 mg of progesterone in ethanol, which was then made up to 50 mL with 10
mM PBS to give a solution of 20 ug mL™, from which the standards were prepared in
PBS (10 mM). For the immunoassay a 250 pL aliquot of a solution consisting of 125 uL
of progesterone-HRP, which was prepared by diluting the concentrate purchased by 1000

as per the supplier’s instructions, along with 125 uL of progesterone solution. After this
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the glass slides were then left for 1 hour in an automated shaker to allow the progesterone
to bind to the antibodies (incubate); they were then washed with PBS (10 mM) to remove
any unbound progesterone. To make the CL measurement an initial background
measurement was taken before a 1:1 ratio of luminol and hydrogen peroxide was
dispensed (125 pL of each, 10 mM luminol pH 9, 10 mM H»0) and added to glass slides
which had been place in the holder (Figure 3.1) and this was then immediately placed

under the CCD camera for analysis.
Chemiluminescence immunoassay on a microfluidic device

When the experiment was investigated on the microfluidic device the entire
immobilisation procedure was the same with the surface treated with APTES followed
by anti-progesterone immobilisation with EDC/sulfo-NHS, the glutaraldehyde linker was
not utilised in this study. The antibodies were spotted within the detection channel of the
microfluidic device (figure 2.1) and left for 18 hours at 4°C. The device was washed with
PBS (10 mM) and then prepared as outlined in section 2.4 to bind the base and top plates
together. The device was then placed into the CL box under the CCD camera.
Progesterone-HRP and untagged progesterone were then pumped into the microfluidic
device and left to incubate for 1 hour. After this time PBS (10 mM) was pumped through
to remove any unbound progesterone this was carried out for 15 minutes at a flow rate of
50 pL min?, the higher flow rate can be used here as no mixing is necessary. This was
followed by the same concentrations of luminol and hydrogen peroxide (10 mM of each,

pH 9). Figure 3.2 shows a photograph of the microfluidic device used for on chip analysis.

Figure 3.2: Photograph of the microfluidic device.
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GPTS silanisation

The glass slides were prepared by the same method as for the APTES method, however
the silanisation procedure followed the method reported by Mathias®* In this method a
solution containing 2 % GPTS and 50 mM glacial acetic acid in ethanol was prepared and
the glass slides were placed in the solution for 1 hour. They were then dried under nitrogen
and left for a further hour before being spotted with the anti-progesterone (0.2 uL) (the
GPTS method does not require the use of a linker unlike the APTES method). After
spotting the anti-progesterone, the CL protocol was implemented as described for

APTES.

3.2.3 CL immunoassay using a plastic substrate

Standard ELISA procedure for comparison

An ELISA was carried out using a method outlined by Dixit et al.”® where the wells from
a 96-well microtitre plate were initially washed with 100 pL of ethanol for five minutes
at 37 °C, each well was then washed five times with 300 pL of water, after this the wells
were incubated for 10 minutes in a 1% w/v KOH at 37 °C, followed by five washes with
300 pL of water. The wells were then treated with 2% v/v APTES in water, 100 pL of
this solution was added to each well and left to incubate for 1 hour at 80 °C, the wells
were then allowed to equilibrate to room temperature and subsequently washed again
with water (five times 300 pL). To each well 100 pL of the antibody solution was added
which consisted of 990 pL of 4 ug mL™ anti-progesterone in PBS (10 mM) and 10 pL of
EDC (4 mg mL™Y) and sulfo-NHS (11 mg mLY), this mixture was left for 10 minutes prior
to addition to the wells. This was left overnight at 37 °C. The wells were washed with 300
uL of PBS (10 mM) 3 times, after which 300 uL of progesterone and progesterone-HRP
was added to each well and left to incubate for 1 hour. The wells were then subsequently

washed with PBS (10 mM, 5 x 300 uL) and the CL emission signal was instantly
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measured with 300 puL of luminol (10 mM, pH 9) and hydrogen peroxide (10 mM). Again

after an initial background signal was captured.
CL immunoassay on PMMA

Two methods were compared for immobilisation. Poly (methyl methacrylate) (PMMA)
slides were prepared by cutting the plastic into squares of the same dimensions used for
the glass slides (10 mm x 10 mm). In the first method the surfaces were functionalised
using the method outlined by Goddard et al.”® The PMMA slides were placed in a
solution consisting of 10 M NaOH for 16 hours at 40 °C, this was carried out to hydrolyse
the methacrylate group on the surface to the carboxylic acid group. After 16 hours the
PMMA slides were washed with copious amounts of water and the contact angles were

then measured.

A second method was then investigated as described by Cheng et al.” where lithium
aluminium hydride was used to reduce the ester groups to the alcohol, this was carried
out by preparing a solution consisting of 4 g of LiAlH4 in 25 mL of diethyl ether. The
success of the method was evaluated by measuring the contact angles as Cheng stated this

method could be used to monitor the change from a hydrophobic, to a hydrophilic surface.
The structure of PMMA can be seen by figure 1.13.

Once the antibodies were immobilised the procedure was followed as described

previously on the glass slides using the same concentration of progesterone-HRP.
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3.3 Results and Discussion

3.3.1 Evaluation of the CL detection method

Before proceeding with the CL immunoassays it was vital to ensure that the CL detection
method being used in this work was optimised so the variables such as camera exposure
time and reagent concentrations result in obtaining the largest signal possible. In all this
work the pH for the reaction was set at pH 9 this was due to the use of biological
molecules, typically a higher pH gives larger CL signals, however if the pH is too high
this can denature the antibodies therefore the pH was kept at 9 throughout.*%418” Previous
workers however found different optimum concentrations of luminol and for this reason
this was investigated further. For the initial experiments to optimise the exposure time the
catalyst used was Co?" rather than HRP as it is readily available and inexpensive.
Changing the catalyst did not affect the selection of the variables as shown in the later

optimisation experiments where HRP was used.
Calibrating the CCD camera

The camera used to carry out the detection had to be calibrated in order to determine the
best conditions to carry out the CL reactions as well as to determine any limitations of the
detector. The exposure time was the length of time an image needed to be exposed to the

CCD camera to obtain the highest CL emission signal. This is shown in figure 3.3.
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Figure 3.3: Graph showing how the signal intensity changes with the image exposure time (n=3).

The graph shows a sharp increase in intensity of CL emission as the exposure time of the
image increases. This increase peaks at 200 seconds where an intensity of 174 a.u. was
observed. After this the signal decreases as the exposure time increases and then it begins

to level off at 400 s.

This graph reflects the fast kinetics of the luminol and hydrogen peroxide reaction, with
a rapid increase in the signal to about 200 s followed by a decline. The camera itself
carried on capturing the image which was then averaged out at the end of the exposure.

From this system an optimum exposure time of 200 seconds is used.

Optimisation of the luminol concentration

Using the procedure outlined in section 3.2.1 the optimum concentration of luminol was

investigated with the concentration ranging 1 — 50 mM.
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Figure 3.4: A graph showing how the light intensity changes with changing luminol concentration
when made in 0.1 M NaOH, with a cobalt (I1) chloride concentration of 1 mM and a H20:2
concentration of 10 mM. (n=3).

Figure 3.4 shows the change in CL emission signal with an increasing concentration of
luminol at pH 9. The CL emission intensity increases, until 10 mM where a signal of 190
a.u. was observed. Between 10 and 25 mM luminol the signal intensity sharply decreases,
then after 25 mM the emission intensity levels off. A review by Khan et al. discusses the
properties of luminol and state that within the literature this trend is commonly observed,
with the CL intensity increasing with the concentration of luminol until it reaches an
optimum.*® After which there is a decrease in the CL signal, the reasons this occurs is
due to the hydrogen peroxide being used up, an experiment was conducted where the
concentrations of luminol and hydrogen peroxide were kept the same. It was found that
25 and 50 mM solutions of luminol (pH 9) and hydrogen peroxide with 1 uL of 1 mM
Co?* resulted in a substantial increase in the CL signal. Both concentrations gave a CL
intensity of 254 a.u. which indicated signal saturation. This indicates that the drop in
signal observed in figure 3.4 is due to the peroxide being used up. However this large

signal means quantification is not possible. What can definitely be concluded is that
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luminol is a very sensitive molecule and any alterations in the solution can hugely impact

the efficiency of the reaction.'®*

From this result a concentration of 10 mM luminol gave the highest CL emission signal
and therefore all subsequent experiments within this sub-section will be conducted with

a luminol concentration of 10 mM.
Optimisation of hydrogen peroxide concentration

The hydrogen peroxide concentration was optimised by keeping the luminol
concentration constant at 10 mM, (pH 9) based on the previous result and the cobalt (1)

catalyst at 1 mM. Figure 3.5 shows the result from this investigation.
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Figure 3.5: A graph showing the effect of hydrogen peroxide concentration on CL intensity where
the concentration of luminol was fixed at 10 mM with the concentration of cobalt (I1) chloride was
1 mM.

The graph shows that the CL emission signal increased as the concentration of hydrogen
peroxide increased until a concentration of 10 mM with an intensity of 160 a.u. At higher
concentrations the signal intensity levelled off and remaining approximately constant. For
this reason the concentration of hydrogen peroxide was set at 10 mM for future

experiments.
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However unlike luminol where the light signal decreased the hydrogen peroxide signal

plateaus indicating no signal change therefore 10 mM was a suitable concentration to use.

3.3.2 Optimising HRP as a chemiluminescence catalyst

Having determined the optimum camera conditions to carry out the CL analysis the
reagents need to be optimised for the CL immunoassay where HRP was used as the
catalyst, 10 uL of HRP solution was used instead of the 1 uL of cobalt because when the
1uL was used the CL signal was too low and using anything higher than 10 pL resulted
in the saturation of the signal. Signal saturation is a problem because the signal cannot be

quantified.

Following the procedure described in 3.2.1 the best luminol and hydrogen peroxide
concentrations were identified using an exposure time of 200 seconds based on the
previous results. Figure 3.6 shows how the concentration of luminol effects the light

emission when catalysed with HRP.
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Figure 3.6: Calibration curves showing the effect of luminol concentration when the concentration
of hydrogen peroxide was kept constant at 10 mM the system was catalysed using HRP.
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The graph shows an increase in signal as the concentration of luminol increases until a
concentration of 10 mM where a light emission of 190 a.u was measured. Again between

10 and 25 mM there is a decrease in the light emission, after which the intensity tails off.

This graph is the same as that from the previous section where a light intensity of 190 a.u.
was observed with a tailing off between 10 and 25 mM luminol. Figure 3.7 shows the

effect of changing the hydrogen peroxide concentration.
200 -
150

= 100 A

l
1

50 A

Chemiluminescence Intensity
(a.u)

0 10 20 30 40 50
Hydrogen Peroxide Concentration (mM)

Figure 3.7: Calibration curves showing the effect of hydrogen peroxide concentration when the
concentration of luminol was kept constant at 10 mM with the system catalysed by HRP.

The graph shows an increase in the light signal until a peak is reached at a concentration
of 10 mM where a signal of 150 a.u. was measured. This plot then decreases between 10
and 25 mM where it finally tails off. Unlike in the previous section where the intensity of
light remained constant at concentrations larger than 10 mM, this graph follows the same
trend seen for the luminol where the intensity decreases initially before tailing off.
However at 10 mM a signal of 150 a.u. is the same as seen in the previous section. With
only the catalyst being different with HRP in this case, similar trends should be observed

with respect to the luminol and hydrogen peroxide concentrations.'%®
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Through this section an exposure time of 200 seconds results in the camera capturing the
highest intensity of light and concentrations of luminol and hydrogen peroxide giving the

largest intensity of light that can be quantified was using 10 mM of each reagent.

There has been work published where the trends that have been observed have been the
same however reasons for the decrease in the CL signal at larger concentrations of
luminol and H20, were not reported.64 6% 170 Having determined the best concentrations

the immunoassay itself was investigated.

3.3.3 Chemiluminescence immunoassay on glass slides

As described in section 1.5.1 there are many different methods for immobilising
antibodies onto glass surfaces, within this investigation APTES and GPTS was
investigated. APTES was chosen as it widely used in the literature. GPTS was selected
for comparison, as this reagent does not require a linker and is also widely reported in the

literature.
Effectiveness of the silanisation process

To test the effectiveness of the silanisation process the contact angle of the glass slides
were measured, this was achieved by using Young’s equation for wettability*’* (equation

3.1) this was to monitor the change in the hydrophilicity of the glass surface.

Ysa = Vs, + YiacosO (3.1)

Where ysa is the surface tension at the solid air interface, ysv is the surface tension at the

solid liquid interface, yLa is the surface tension at the liquid air interface and 6 is the

contact angle. This equation is depicted in figure 3.8:
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Figure 3.8: Contact angle of a liquid droplet on a solid surface.

Young’s equation states that if the contact angle is < 90° the surface is hydrophilic, if the
contact angle is > 90° the surface is said to be hydrophobic.'”* Contact angle
measurements are typically carried out using a contact angle goniometer this was true for

this work also.
Figure 3.9 shows the change in contact angle of the glass surface for the APTES method:
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Figure 3.9: Contact angle of the glass chips when the glass is initially prepared and after
silanisation with APTES. (n=5).

The bare glass surface had a contact angle of 10° and after silanisation with APTES had
risen to 70°, these were based on taking three measurements on each of the glass slides
and taking an average of that slide, followed by an overall average over 5 different glass

slides.
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This result clearly shows that after each step the glass surface becomes more hydrophobic
with a contact angle of >70° the anti-progesterone antibodies will therefore form a partial
droplet on the glass surface that will not spread easily, which when combining with
another antibody at a later date is essential to enable spatial resolution of the two different
antibodies. The average value of 70° corresponds to previous reported contact angles for

APTES Rajesh et al.1’2 and Jain et al.1"3

Figure 3.10 shows the contact angle analysis of the glass chips functionalised with GPTS:
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Figure 3.10: Contact angle of the glass chips when the glass is initially prepared and after
silanisation with GPTS. (n=5).

Like with the previous silanisation protocol the bare glass has a water contact angle of
10° but after silanisation the contact angle was 75°. Like the previous measurement the
contact angle of each individual slide was based on three different areas of that slide,

followed by an overall average of 5 slides.

Again the initial glass surface is hydrophilic and after silanisation the contact angle
increases. With an average contact angle of 75° the use of GPTS gives rise to a slightly
more hydrophobic surface than the APTES this does relate to the literature where values

of 72° have been reported.*’
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CL immunoassay on the APTES surface with the glutaraldehyde linker

A CL immunoassay of progesterone was carried out following the method described in
section 3.2.2 using the glass slides in which glutaraldehyde was used as the linker between
the antibody and the APTES surface. No results could be obtained using this method,
with no CL emission signal the reasons for this were not clear, this indicated that the

antibody potentially had not immobilised onto the glass surface.
Antibody immobilization confirmation

The problem could be with either the CL detection method or the immobilisation
procedure so the immobilisation was tested using fluorescence detection. Fluorescein
isothiocyanate (FITC) tagged anti-human antibodies were immobilised using the APTES
method with the glutaraldehyde linker. After washing with PBS the glass slide was placed
under the fluorescence microscope. The glass slide showed little to no fluorescence
indicating that the antibody was not immobilising onto the glass surface and was being

washed away.

The problems encountered using glutaraldehyde as a cross linker were discussed in the
introduction (section 1.5.1.1). Shriver-Lake et al. states that glutaraldehyde is known to
have batch to batch issues with its ability to self-polymerise affecting reproducibility and
reliability.®® On further examination of the literature, Whipple and Ruta state than in
aqueous solution glutaraldehyde forms a “cyclic hemihydrate” (figure 3.11) the
consequence of this is that the properties will change, affecting the route through which
the immobilisation process of anti-progesterone to the amine derivatised surface

occurs.1™
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Figure 3.11: Schematic showing the formation of the hemicyclic as stated by Whipple and Ruta
when glutaraldehyde is used in water.*’

EDC/sulfo-NHS immobilisation process

This alternative approach for immobilising the antibody on the APTES silanised glass
surface was then investigated using the FITC tagged anti-human antibodies. Prior to
carrying out the CL analysis. Figure 3.12 shows the fluorescence image of the glass slide

with the immobilised antibody.

-
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Figure 3.12: Image of FITC tagged anti-human antibodies on an APTES modified glass surface
using EDC/sulfo-NHS linker after 5 washes with 300 pL of PBS (10 mM).
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The image shows a fluorescence response which can be attributed to the FITC that is
tagged to the antibody. FITC is excited by blue light, and upon relaxation to the ground
state emits green light. This image however is not uniform with darker areas which could

be attributed to damage during the immobilisation and washing processes.

The results however showed that using the EDC/sulfo-NHS route the antibody was
immobilised which is an improvement over the glutaraldehyde linker therefore the

EDC/sulfo-NHS combination was used for further investigation of the CL immunoassay.

Fluorescence examination of GPTS functionalised glass slides

Using the same method as described for the APTES functionalised glass slides FITC
tagged antibodies were deposited onto the GPTS functionalised glass surface and left to
immobilise overnight. Figure 3.13 shows the fluorescence image of the glass slide with

the immobilised antibody.
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Figure 3.13: Fluorescence image of FITC-tagged anti-human antibodies on a glass surface after 5
washes with 300 pL of PBS (10 mM).

An image is seen but the clarity is very low compared to figure 3.11 so this method does

not appear to give improved results over the previous method.
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CL immunoassay on the APTES functionalised glass slides

Clearly the most promising method for antibody immobilisation appears to be using
APTES with the EDC/sulfo-NHS linker and therefore this immobilisation method was
used to carry out the CL immunoassay. Initially a test was carried out where the
immobilised antibodies were incubated with progesterone-HRP only to obtain the highest
signal possible. Prior to carrying out the competitive immunoassay. An image of CL

emission observed is shown in figure 3.14:

Figure 3.14: CL image of anti-progesterone antibody bound with progesterone-HRP.

The image shows a bright spot where the antibodies are immobilised which is the highest
CL emission that will be produced. The image shows that this method of immobilisation

is successful and therefore a calibration could be developed.
Competitive CL immunoassay

A set of progesterone standards were prepared ranging from 31.5 pg mL™ up to 3.15 ng
mL™ (0.1 nM up to 10 nM) in 10 mM PBS. These are the levels that one would expect in
saliva that can give a strong indication of the progesterone levels for both fertility and

pregnancy studies.®
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Figure 3.15: Calibration curve for the CL competitive immunoassay of progesterone between the
ranges of 31.5 pg mL™* rising to 3.15 ng mL™.

Figure 3.15 shows a gradual decrease in the light intensity as the concentration of
progesterone increases until it levels off, this is as expected for a competitive
immunoassay; whereas, as the untagged progesterone concentration increases the amount
of progesterone-HRP bound to the antibody decreases resulting in a reduction in catalytic
activity giving a lower signal. Taking this graph and plotting as a logarithmic scale results

in a calibration curve as shown in Figure 3.16.
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Figure 3.16: Calibration curve showing how the intensity of light emitted changes with the increase
in concentration of the untagged progesterone. (n=5).
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Taking the logarithmic scale results in a linear trend which is expected when carrying out

measurements over a couple of orders or magnitude.
It was useful to plot the change in signal with increasing progesterone concentration as

compared to when only progesterone-HRP was present as shown in figure 3.17.

This plot can be used to calculate the LOD.
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Figure 3.17: Calibration curve of untagged progesterone against the CL signal change where the
signal obtained is subtracted from the blank. (n=5).

Using equation 3.2 and figure 3.17 the LOD can be calculated to be: 33 pg mL™.

LOD = Vb + 3Sb (3.2)

Where LOD is the limit of detection, ys is the y-intercept and 3sp is three times the
standard deviation of the blank. With a calculated LOD of 33 pg mL™* the sensitivity of
the system falls slightly above the 31 pg mL™ stated earlier however compared to
published work where detection limits of 100 pg mL™ 1", 0.08 pg mL* 72, and 8 nM**
are reported and compared with the ELISA shown in section 3.3.4; the method is very

sensitive and shows promise to be transferred onto a microfluidic chip however this was
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achieved with progesterone in 10 mM PBS and not saliva and the system overall was not

reproducible and obtaining sufficient results was challenging.

CL on GPTS functionalised glass slides

Although this method did not look promising with the FITC tagged antibodies it was
decided to try it with CL detection. The measurements were made in the same was as for
APTES with glutaraldehyde where progesterone-HRP was used to obtain the highest

possible signal. The results are shown in figure 3.18.

-
2 mm

Figure 3.18: CL image of anti-progesterone on GPTS functionalised glass chips with progesterone-
HRP.
A large CL emission signal was not observed, unlike the image in figure 3.14 which when
using HRP-progesterone only a large signal would be expected. The difference in results
could be due to the orientation of the antibodies on the surface. With this method epoxy
groups are used which bind through the amine groups on the antibody that are found in
the Fab region of the antibody. Bonding in this way would result in an undesirable
antibody orientation therefore minimising the antibodies interaction with the sample
resulting in very little HRP binding. With the amine derivatised glass surface (APTES)
the immobilisation occurs through covalent bonds to the acid groups on the antibody
which are found primarily at the base of the heavy chains within the fragment crystalline

region of the antibody which was maybe more favourable.
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Commercial ELISA for progesterone

To be able to make a clear assessment of the CL immunoassay which was being
developed it was decided to carry out a commercial ELISA for progesterone Figure 3.19
shows a calibration curve with the light intensity observed against the concentration of
progesterone along with the change in light signal against progesterone concentration

were plotted with the LOD of the system calculated.
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Figure 3.19: a) Calibration curves showing how the light intensity changes as the concentration of
untagged progesterone changes and b) the light signal change after subtracting the blank signal
from the intensity measured (n=3).
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Figure 3.19 a & b) demonstrates a linear correlation which was expected as the
concentration of progesterone increases, where more progesterone molecules are
competing for the antibody binding sites compared to the progesterone-HRP. The LOD

was determined using equation 3.2.

This was calculated to be 26 + 5 pg mL™* which was comparable to the work by Dixet et
al.”® where a LOD of 39 pg mL™ was determined through this system. Comparing this to
the result on the glass slides where a LOD of 33 +3 pg mL™ was determined, it can be
concluded that the LOD from our method was slightly higher than that from the
conventional method but it is within the error calculated and is lower than previous
published work indicating a sensitive CL immunoassay for progesterone had been

developed.

3.3.4 CL immunoassay on a microfluidic device

Optimising the flow rate on the microfluidic device

Having successfully carried out chemical immobilisation on glass slides which was
followed up with a successful competitive immunoassay, the system was transferred onto
the microfluidic device shown in figure 3.2. As the top and base plates were bonded using
doubled sided tape, the device needed to be tested to ensure that the presence of the tape
does not reduce the CL emission signal. This test was conducted by measuring the UV-
Visible absorption spectrum of the device with the tape in place, this can be seen in figure

3.20:
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Figure 3.20: UV-Vis spectrum of the microfluidic device.

The absorption rapidly decreased as the wavelength increased and is very low by 350nm.
As the CL emission signal is at 425 nm the presence of the tape will not affect the

measurement.
Mixing of the in the microfluidic chip

As a starting point a CL immunoassay was directly attempted on the microfluidic device,
initially only progesterone-HRP was pumped into the device and left to incubate. After
this the CL reagents were added where a flow rate of 1 uL min* was used. This initial

result is shown in figure 3.21.

Figure 3.21: CL image showing the initial experiment on the microfluidic device at a flow rate of 1
pL min,
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A bright glow can be seen in the serpentine. This shows that not only has mixing occurred
too quickly but emphasises what was mention in the introduction that the luminol and
hydrogen peroxide reaction has very fast reaction kinetics, meaning a faster flow rate
would be required to ensure the light only comes from the immobilisation channel and

not within the serpentine.

From this result the flow rate was investigated so that the mixing of luminol and hydrogen

peroxide does not occur to quickly or too late.

Before carrying out the CL immunoassay the ability of the microfluidic device to rapidly
mix the CL reagents was assessed. Red food dye diluted 1:10 with water was used for this
experiment. Images of the T-junction and the wider channel at the end where the

antibodies would be spotted are shown in figure 3.22:

Red food

a) dye
Water
100 pm
Water
b) Red food
dye

Immobilisation
Channel

-
100 um

Figure 3.22: Microscopes images showing a) the T-junction of the microfluidic chip and b) the start
of the reaction chamber at the end of the chip.
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Figure 3.22a shows the T-junction of the microfluidic device, the point at which the
mixing of the CL reagents would start. The image shows a clear separation between the
food dye (darker colour) and the water (lighter colour). This confirms there is laminar
flow as expected with the design (Reynold’s number calculated to be of ~1 as in section
1.8.4.). Figure 3.22b shows the entrance of the mixing serpentine channel leading to the
wider immobilisation channel. In the serpentine it is possible to see a small amount of
white where the two liquids have not yet fully mixed. Once the mixture enters the
immobilisation channel there is however a universal colouration across the channel
showing that the two reagents mixed thoroughly which is vital for good detection. Using
Image J software a greyscale profile was obtained across the chamber for different flow

rates as shown in figure 3.23:
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Figure 3.23: Flow profile of the microfluidic reaction chamber showing the greyscale value per
pixel at various flow rates.

The graph shows that across the channel the greyscale remains fairly constant for all flow
rates except for the 100 uL min™ where there is a sharp decrease in the greyscale value
around the 400 pixels mark which would be attributed to water and dye having not mixed

fully. Therefore for the CL immunoassay on chip a flow rate of 5 mL min™ was used.
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Chemiluminescence immunoassay using the microfluidic device

Having obtained a calibration on the glass slides the process was transferred to the
microfluidic device which had been prepared in the same way (APTES, EDC/sulfo-NHS,

anti-progesterone). After incubation and a wash with 10 mM PBS the CL was measured.

250 pm

Figure 3.24: CL image of the reaction chamber where the red circles represent the areas where the
initial antibody spots were deposited.

Figure 3.24 shows only one clear spot, the other spots spread across the channel this could
be due to the antibodies not immobilising effectively under flow conditions or the

immobilisation being affected when the two glass plates were bonded.

Many different approaches were taken to try and overcome this problem, including the
use of an automated spotter in an attempt to control the volume and positioning of the

antibody droplets within the microfluidic device. This also ended without success.

It was clear after these many repeats around ~50+ attempts reliability was clearly an issue.

3.3.5 CL Immunoassay on plastic substrates

As discussed in chapter one plastic substrates are gaining a lot of popularity for point of
care microfluidics due to the ease of manufacture on a large scale with low cost (after an
initial outlay for the fabrication equipment). Once the equipment is in place and moulds
having been fabricated; the microfluidic systems can then be fabricated in batch very
quickly and cheaply allowing them to be disposable which is not really possible with glass

devices due to the complex and expensive fabrication process.
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CL immunoassay on PMMA chips

PMMA was chosen as a substrate to investigate as a platform for a CL immunoassay
because of the ester groups present (figure 1.13), these groups can be more easily
modified compared to a polymer like cyclic olefin copolymer which has no functional
groups; PMMA therefore allows a simpler route for surface modification and therefore

antibody immobilisation. PMMA is also biologically compatible.t’®

If the CL immunoassay is to be finally carried out in a closed microfluidic device the
plastic must not absorb the CL emission therefore a UV-Vis absorption spectrum was

obtained as can be seen in figure 3.25:
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Figure 3.25: UV-Vis spectrum of PMMA.

Figure 3.25 shows that PMMA absorbs at 280 nm which is well within the UV region of
the electromagnetic spectrum which from the literature is characteristic for PMMA.177: 178
With the CL reaction of luminol and hydrogen peroxide emitting light at 425 nm the

PMMA will not absorb any emitted light and affect the analysis.

The lithium aluminium hydride reduction gave us a better starting point due to the
formation of OH groups on the surface. The surface could then be treated with APTES in

the same way as described on glass.
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Contact Angle (')

Before Modification After Modification

Figure 3.26: Contact angle analysis of PMMA before modification and after modification with
LiAlH,.

Figure 3.26 shows that the PMMA itself has a contact angle of 120° which is reduced
after modification to around 60°, however the plastic was damaged during the surface
modification process before the measurements were taken. The surface had become very

rough and opaque which would impact the transmission of light. For this reason this

method was discarded.

Following this setback base hydrolysis was investigated with 10 M NaOH which results
in the corresponding carboxylic acid. Unlike the lithium aluminium hydride reduction
where the plastic was damaged, this method resulted in usable chips, figure 3.27 shows

contact angle analysis before and after surface modification.

140 1

Contact Angle (°)

Before Modification After Modification

Figure 3.27: Contact angle analysis of PMMA before modification and after modification with 10
M NaOH.
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The graph shows that the contact angle was of 120° prior to modification and decreased
to 70° after modification. It has been reported in the literature that after base hydrolysis
the contact angle can be between 60 and 80° 17® 18 and that after this the surface can be
activated with EDC and sulfo-NHS with the anti-progesterone then being added to the
modified PMMA surface. Initially progesterone-HRP (1:1000 dilution) was added to the
immobilised anti-progesterone to obtain the maximum CL emission signal followed by

the measurement and this is shown in figure 3.28.

Figure 3.28: Image of the PMMA chip with progesterone-HRP.

The image shows that the progesterone-HRP is binding to the area where the antibodies
are immobilised. Following this a range of progesterone standards were prepared as

described previously to obtain a calibration.

However this turned out not to be successful as there were too many irreproducible
results, for this reason plastic chips were not taken any further as a platform to immobilise

the antibodies.

After examining the literature; work by Seitz et al.'® it is clear that despite APTES being
used extensively on glass and polymer the monolayer formed are not as reproducible and
stable as expected, the findings within this paper discusses the interaction of APTES with
phosphate buffer (pH 7.4) and found that the use of aqueous media can damage the
monolayer with 60% of the layer disappearing after a 2 hour exposure to the buffer. This
observation followed previous work by Pasternack et al.®2 where the same observation

was seen when water was examined on APTES derivatised surfaces and Lapin et al.1%
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used APTES to immobilise streptavidin through a biotin linker, they also observed that
the stability and reproducibility was compromised observing the behaviour of the
biotinylated species was affected. The reasons that this issue is not picked up on more in
the literature is not clear, but through the work carried out in this chapter APTES was

certainly shown to be a problematic reagent that could not guarantee reproducibility.
3.4 Conclusion to the Chemical Immobilisation Investigation

Within this chapter a CL immunoassay of progesterone was successfully demonstrated
on 1 x 1 cm square chips. The detection limit was found to be 33 +3 pg mL™ which
compared well with the commercial ELSIA kit which had a detection limit of 26 pg mL"
1 These detection limits were well within the required range for progesterone in saliva
samples but the fact that the system was unsuccessfully transferred onto a microfluidic
based system was disappointing. Careful reading of the literature about the widely
reported use of APTES confirms that there are problems due to the instability of the
monolayer. This would become particularly problematic in a flow system which
perhaps explains the problems encountered when transferring the off chip systems onto
the microfluidic device. A disadvantage is quantifying the concentration of antibodies
on the glass surface, any quantification would not necessarily be true after multiple
modifications due to the issues outlined. With so many different issues throughout the
surface modification and immobilisation process obtaining this information is near on
impossible so that it is reproducible. When developing a POC system reliability in the
manufacture is key and if an immobilisation protocol was not going to be reproducible a

new approach needed to be investigated.
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Chapter 4 Electrochemical Process for Antibody
Immobilisation

4.1 Introduction

Chemically modification of glass and plastic surfaces was unsuccessful due to the
irreproducibility of the modification protocol. It was therefore necessary to develop a
reproducible immobilisation process. An electrochemical immobilisation method
developed by Dou et al.>* consisted of tagging ferrocene to an antibody of interest, this
was then immobilised onto a modified gold electrode surface. This electrode had been
previously modified to contain aniline which was achieved through the deposition of

nitrobenzene, followed by an electrochemical reduction to the corresponding amine.

The generation of the amine surface allows the antibody to covalently bind to the
electrode surface through the COOH group found at the base of the heavy chain within
the Fc region of the antibody, this attachment allows more antibodies to adopt an

orientation that is “end on” rather than “side on”.%* 184

An electrochemical immobilisation process following this method allows validation of
the modification steps of the process using cyclic voltammetry. The principle of this

method is shown in figure 4.1:

S (//NH—CHz—Fc

Electrode

Figure 4.1 Theoretical concept for the electrochemical protocol for antibody immobilisation the
arrows are representative of the transfer of an electron through a molecular wire. Fc represents
ferrocene.
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Forming the amine on the surface allows the COOH terminal of the antibody to react
forming an amide linkage. This creates a “molecular wire” between the electrode and the
antibody.!8 Having the amide functionality allows resonance between the oxygen and
nitrogen atoms; the functional group is also planar improving the electron transfer through
the wire. These properties are vital for electron communication to occur between the
ferrocene and the electrode surface. Figure 4.2 shows the possible resonance structures

as presented by Mujika et al.
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Figure 4.2 Resonance structures for the amide functional group.*8

As shown in figure 4.1 the arrows represent an oxidation process where the ferrocene (Fc)
loses an electron to the electrode surface. The wire can operate through the aid of the
benzene ring to transport the electron from the antibody to the electrode. The reverse
would be true for an electrochemical reduction. As the figure shows the structure is
RIGID which aids the antibody orientation, for example if the antibody was to orientate
upside down the bulky ferrocene groups would be crowded by the benzene rings on the
surface which would not be favourable. This should enable reproducible quantitative

measurements to be made.

Within this chapter this concept was investigated as a route to develop a reproducible
antibody immobilisation protocol; where the protocol in itself can act as a checklist to
confirm success and therefore exploit this method to carry out an electrochemical
immunoassay, the immunoassay operates through a blocking of the redox ferrocene.
When there is no antigen present a large electrochemical signal would be observed, after

interaction with the antigen, the antigen blocks the ferrocene resulting in a lower signal.
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4.2 Experimental Procedures

4.2.1 Synthesis of ferrocene tagged antibodies

Antibodies alone generally cannot give an electrochemical response that can be affected
by the addition of the corresponding antigen, therefore a redox tag is introduced onto the
antibody that can give rise to a measurable electrochemical signal, in this case ferrocene
was used as the tag using the methodology outlined by Dou et al. >* where 10 pL of 1 mg
mL anti-progesterone was added to 190 uL of PBS (10 mM). The pH was then adjusted
to ~ 9 with aqueous K>COs (5% wi/v). A solution of ferrocenecarboxaldehyde in
dimethylformamide (DMF) (20 mg in 200uL!) was also prepared, the anti-progesterone
solution was then added to the ferrocenecarboxaldehyde solution to give an antibody to
ferrocenecarboxaldehyde mass ratio of 1:500. This mixture was left for 30 minutes to
incubate allowing the formation of the imine product Ab-N=CH-Fc (Fc = ferrocene in
this context). This was then reduced to Ab-NH-CHz-Fc by the addition of sodium
borohydride (2 mg), this solution was left for 10 minutes. The pH was readjusted to ~ 7
with 0.1 M HCI and again left for 10 minutes. All pH changes were confirmed by spotting

a small amount of the mixture onto Whatman® universal indicator paper, pH 1-11.

The antibody was purified to remove any excess ferrocene, this was carried out via
centrifugation (12,000 rpm for 20 min), the resulting supernatant was then transferred
into 2 x Vivaspin® 500 centrifuge tubes; the solution was then re-centrifuged under the
same conditions as described previously except for 8 minutes rather than 20, the waste
liquid had then transferred into the collection part of the Vivaspin® tube, via the
membrane with the purified antibodies remaining within the top vial. The solution was
topped up to 100-150 pL with 10 mM PBS and centrifuged for a third time as a washing
step, the final solution was made up to 200 pL with PBS (10 mM) within each tube and
stored in the fridge at 4 °C until required. Figure 4.3 shows an overall schematic of the

protocol.
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Figure 4.3 Schematic showing how the antibody tagging protocol with ferrocene.

4.2.2 Electrode modification

For the antibody immobilisation to occur the electrode needed to be modified to contain
functional groups the antibody could bind through; this was carried out through a
nitrobenzenediazonium reduction. Once the nitrobenzene was deposited the nitro

functionality was electrochemically reduced to the amine.

The electrode material of choice was important as each substrate has different properties
which can affect the immobilisation efficiency, this also had to reflect the cost of the

electrode itself and the efficiency at which it could be utilised for this application.

During the electrochemical experimentation three different electrode materials were

investigated:

e Gold
e Glassy carbon (GC)

e Tin doped indium oxide (ITO)

All electrochemical experiments were conducted using a standard three electrode setup
where the counter electrode was a nickel wire with a Ag/AgCl reference electrode; this

was true for all experiments discussed within this chapter.
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Electrode modification

The gold and glassy carbon electrodes were used as purchased and were thoroughly
polished before each modification process with alumina slurry. The electrode is fabricated
with either a gold or glassy carbon rod in a plastic casing allowing the electrode to be

placed directly into the solutions with the counter and reference electrodes.

The ITO electrodes were cleaned with isopropanol, copper tape was then connected to
one end of the ITO electrode (1 cm on the electrode, 1 cm as a connection point) with
three circular adhesive spacers with holes, these enabled the antibodies to be spotted onto

the electrode surface, as well as providing the opportunity to measure multiple analytes.

The experiments on the ITO electrode were carried out by initially wrapping the counter
electrode around the reference electrode, the reference electrode was then held in place
by a clamp and retort stand, which was then be lowered into a (~70 pL) droplet pipetted

onto the ITO electrode (This droplet refers to any solution required throughout).

This is depicted in figure 4.4:

Counter and Reference
Electrodes

PBS Droplet ' Copper Tape

ITO Electrode

Figure 4.4: Diagram of the ITO electrode, 2 cm of copper tape was used with 1 cm on the electrode
itself and 1 cm as a connection point, the centre of the spacers are 4 mm from the end of the
electrode then a further 12 mm and a second 12 mm from the centre of the first and second spacers
respectively.
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Deposition solutions were made up consisting of 2 mM 4-nitrobenzenediazonium
tetrafluoroborate and 0.1 M tetrabutylammonium perchlorate (TBAP) in acetonitrile

(MeCN) and a second solution containing 0.1M KCI and ethanol with a 90:10 ratio.

The electrodes were then placed into the first solution containing the
nitrobenzenediazonium tetrafluoroborate, cyclic voltammetry was used to deposit the
nitrobenzene starting at +0.7 V scanning down to -0.4 V and with a return sweep to +0.7

V this was carried out over 3 cycles.

The electrode was washed with acetonitrile and air dried. The electrode was then
immersed into the second solution containing the KCI and ethanol where the nitro group
was reduced to the amine group again using cyclic voltammetry with the scans starting a

+0.4 V with a sweep to -1.2 V and returning to +0.4 V again over 3 cycles.

This reduction gave the required amine group on the electrode surface for the antibodies
to covalently bind towards. The values for the starting potential and reverse potential
needed adjusting depending on electrode material and reference electrode used. All scans
were conducted at a scan rate of 100 mV st and all solutions were degassed under nitrogen
or argon for 15 minutes prior to voltammetry commencing. The modification process is

outlined in figure 4.5.

0, NO,
TBAP-MeCN 0.1 M KCl/ethanol
90 10
Electrode 6H'.6¢

Electrode Electrode

Figure 4.5 Schematic of the electrode modification process.
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4.2.3 Antibody immobilisation and electrochemical immunoassay

An activation solution was prepared containing 2 mM EDC and 5 mM sulfo-NHS in PBS
(10mM). A 50:50 mixture was then prepared using this solution and the ferrocene-tagged
anti-progesterone antibodies (15 pL of each); this mixture was then left for 15 minutes;
this was to activate the acid groups on the antibody. Subsequently 30 pL of this solution
was pipetted onto the electrode surface and left covered in the fridge (~4 °C) for 18 hours.
The activation buffer was prepared fresh every time it was required. Bringing figures 4.3

and 4.5 results in the concept that is shown in figure 4.1.
Conducting the electrochemical immunoassay

Electrodes were removed from the fridge and washed with a Tween-20/PBS solution, (0.1
v/v tween-20 in 10 mM PBS) this was followed by treatment with 30 pL Bovine Serum
Albumin (BSA) blocking buffer (1% BSA, 10 mM PBS) for 30 minutes. The electrodes
were re-washed with the Tween-20/PBS solution. All voltammetric experiments were
conducted in deoxygenated solutions. When electrodes were not used they were stored in

PBS (10 mM).

Cyclic voltammetry was conducted on the antibody coated electrodes with scans starting
at 0 V sweeping to + 0.6 V and returning to 0 V in PBS. Immobilised anti-progesterone
antibodies were characterised by carrying out cyclic voltammetry at various scan rates,

with these scan rates ranging from 10 mV s to 1000 mV s™.

For the immunoassay itself a scan rate of 100 mV s was used for cyclic voltammetry
over 3 scans in 10 mM PBS. This was followed by square wave voltammetry where the
frequency was 25 Hz and an amplitude of 1 mV the scan was conducted between 0 V and

+0.5 V.
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A stock concentration of progesterone was prepared by dissolving 1 mg of progesterone
in 1 mL of ethanol and made up to 50 mL using PBS (10 mM) to give a 20 ug mL?
progesterone stock solution, 10 fg mL?, 100 fg mL™?, 1 pg mL?, 10 pg mL™, 100 pg mL-
1 1ngmL?, 10 ng mL?, 100 ng mL?t and 1 pg mL™ standards were then prepared using

PBS (10 mM).

After each measurement the electrode was washed with 10 mM PBS and the antigen was
added. Beginning with the lowest concentration 1 fg mL™ (30 uL) the progesterone was
left to incubate for 15 minutes, the electrode was again washed in PBS (10 mM) and the
same experiment carried out starting with the cyclic voltammetry and followed by the
square wave Vvoltammetry. This procedure was repeated for the other antigen

concentrations:

4.2.4 Electrochemical immunoassay in artificial saliva

The stock solution of progesterone was made up in the same way as previous described,
however all standards were then prepared in artificial saliva. The artificial saliva was
prepared using a recipe outlined by West et al.*®’ the recipe consisted of sodium chloride
(1.954 g L), ammonium nitrate (0.328 g L), potassium phosphate (0.639 g L™),
potassium chloride (0.202 g L), potassium citrate (0.308 g L), uric acid sodium salt
(0.021 g L), urea (0.198 g L™), lactic acid sodium salt (0.146 g L) and bovine
submaxillary gland mucin Type 1-S (30 g L), the solution was made up in deionised
water. The immunoassay was repeated as previous using the optimum incubation time

determined.
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4.3 Results and Discussions

To determine that the electrochemical immobilisation protocol was successful it was
necessary to look at each stage individually; tagging the ferrocene to the antibodies, the
nitrobenzenediazonium reduction, the subsequent reduction to the amine and the antibody
immobilisation. Before carrying out any immobilisation process characterisation of the

ferrocene tagged anti-progesterone was needed.

4.3.1 Anti-progesterone labelling with ferrocene

The ferrocene moiety attaches to the antibody through an aldehyde/amine linkage
forming a secondary amine. This attachment can occur throughout the antibody structure
as amine groups are found all over and the amount depends on the amino acid side chains,
however as stated in chapter 1 the heavy chains within the fc region contain acid groups;
this means at the other end of the protein chain within the fab region amine groups must
exist. Through this attachment ferrocene groups will therefore be found within this region
and therefore will have an interaction with an antigen that binds to the antibody indicating

a signal change can occur.

The number of ferrocene moieties bound to the antibody was determined by UV-Vis
spectrophotometry. Initially a full wavelength spectrum was conducted from 800 — 250
nm to determine the wavelength ferrocene absorbs. Following this the calibration was
determined of the ferrocenecarboxaldehyde using a concentration range of 0.01 — 1 mg
mL1, and the ferrocene tagged anti-progesterone using a concentration range between
5x10* - 2x10° mg mL™1. The wavelength used was 454 nm. Figure 4.6 shows the UV

spectra of ferrocenecarboxaldehyde and the ferrocene tagged antibodies.
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Figure 4.6: UV-Visible spectra of a) ferrocenecarboxaldehyde and b) the ferrocene tagged anti-
progesterone antibodies.

It can be seen from spectrum 4.6a there was an absorbance peak at 460 nm and two
shoulder peaks at 310 and 350 nm, the peak observed at 460 nm is in agreement with the
literature where values of between 440 and 460 nm have been quoted for
ferrocenecarboxaldehyde.* 18 The shoulder peaks observed in the UV region of the
spectra are weak and from previous work this is expected, and was due to the
cyclopentadienyl rings from the ferrocene. Figure 4.6b shows the UV-Vis spectra of the
ferrocene tagged anti-progesterone with peaks at 440 nm and at 320 nm and a third sharp
peak at 250 nm. The peaks at 440 and 320 nm are due to the ferrocene moieties and with
the sharp peak at 250 nm due to protein absorption which is typically observed between

200 and 300 nm. With anti-progesterone specifically absorbing at around 240-255 nm.%°
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By carrying out this investigation the success of the antibody tagging was determined.
Comparing figure 4.6a and 4.6b there was a slight shift in the peaks observed based on
the ferrocene moieties which can be an attribute of the conjugation of the ferrocene to the
antibody.!® Using Beer-Lambert Law a calibration of the ferrocene-tagged anti-
progesterone and the ferrocenecarboxaldehyde was created. Through taking the ratio of
the extinction coefficients of the two systems the average number of tags could be
estimated.%? This assumed all the ferrocene present was tagged to the antibodies, with

none present in solution.
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Figure 4.7: Calibration curves of a) ferrocenecarboxaldehyde and b) ferrocene tagged anti-
progesterone, with absorption values taken at 454 nm.
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Figure 4.7 shows calibration plots of the ferrocene prior to tagging to the anti-
progesterone (a) and after tagging to the anti-progesterone (b); both plots show reasonably
good correlation (R? >0.95). Using Beer-Lambert’s law the gradient of the plot represents
the extinction coefficient multiplied by the path length. In this case the path length was 1

cm, therefore the extinction coefficient equals the gradient of the calibration plot.

Therefore & was 1.3024 mL mg™ cm™ for the ferrocenecarboxaldehdye and 16.733 mL

mg* cm for the ferrocene tagged anti-progesterone.
Through these coefficients the average number of ferrocene tags was determined.

€ferrocene tagged anti—progesterone

# of ferrocene tags =
Eferrocenecarboxaldehdye (4-1)

16.733

# of ferrocene tags = 13024

The number of ferrocene tags therefore equalled ~12.8 tags rounded up to ~13 tags per
antibody. Okochi et al. calculated the mean number of ferrocene moieties to be 8, using
a similar route where atomic absorption spectroscopy was carried out, with the number
of ferrocene moieties calculated through a Beer-Lambert relationship.t®? The reason for
this difference is not clear however one possible explanation is the number of free amino
groups on the antibody as this will differ between antibodies altering the number of

ferrocene moieties observed.
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4.3.2 Comparison of electrode materials for the electrochemical immunoassay

4.3.2.1 Electrode modification on different electrode substrates

Nitrobenzenediazonium reduction

Gold electrode

The gold electrode was modified as described in section 4.2.2, with the nitrobenzene

deposited onto the surface followed by a reduction to the corresponding aniline.
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Figure 4.8: Cyclic voltammogram showing the deposition of nitrobenzenediazonium onto a gold
electrode surface (2mM in TBAP/MeCN), with two cycles from +0.7 VV down to -0.4 V and
returning to +0.7 V at 0.1 V s

Figure 4.8 represents the voltammogram of the deposition of nitrobenzene onto a gold
electrode surface. From the first scan there are two clear narrow peaks one at +0.45 V and
asecond at +0.25 V. The second scan shows no peaks. The peaks from scan one represent
the nitrobenzene deposition on polycrystalline gold, this was discussed by Benedetto et
al. whom investigated the double peak phenomenon on gold, obtaining a similar
voltammogram as produced here, they attributed this double peak to Au (1 1 1) and Au
(1 0 0) facets while they also state that at -0.5 V a broad third peak could be observed due

to deposition on other crystallographic facets of gold such as Au (3 1 1) however a third
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peak was not observed in this work.!%® The disappearance of the peaks during the second
scan was also seen by Pinson and Podvorica.!® They attributed these irreversible
reduction peaks (from scan 1) to the cleaving of nitrogen and then through scan 2 where
the peaks disappear being due to the nitrobenzene layer forming on the electrode surface
causing a blocking affect. Laforgue et al.!® stated that after the first scan it is assumed
that a monolayer is formed and subsequent scans result in multilayer formation through

an addition to the ortho position upon the pre-deposited layer.

NO,

Scan 1 Scan 2

NO,

NO,

t
333

t

5

Electrode

Figure 4.9: Schematic showing the nitrobenzene deposition, where A) a monolayer is formed after
the first scan and B) a multilayer after subsequent scans in the ortho position.

Figure 4.9 shows a schematic of the deposition of the nitrobenzene layer during the first
scan which is followed by the multilayer formation after scan 2 where the nitrobenzene
radical attaches to the ortho position on the benzene ring. Due to the formation of the
nitrobenzene radical within the deposition obtaining a monolayer is very difficult to
control however this is not an issue because the nitro groups still remain on the surface
therefore allowing the subsequent reduction to take place.'®® The mechanism for this
deposition was also investigated by Munteanu et al.'®” where two possible mechanisms
are discussed, one route follows on from work by Zollinger!® % where there is the
formation of a carbocation intermediate (figure 4.10) which is then reduced to the radical.
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Munteanu suggested that this mechanism is possible when using solvents of low
nucleophilicity such as acetonitrile. The second mechanism is that presented in figure

4.10 where the radical is formed immediately without the carbocation intermediate.

+1e
- N2

Figure 4.10 schematic showing the potential pathways for nitrobenzenediazonium reduction
followed by grafting onto the electrode surface.

Figure 4.10 is a schematic showing the different reaction pathways as outlined by
Manteanu. Manteanu does state that the formation of the carbocation intermediate takes
in region of 3 hours far longer than electrochemical measurements and therefore conclude
that the route is most likely to occur through the formation of the radical (figure 4.9)
without any other intermediately steps which is also the generically accepted mechanism.

The formation of the radical also explains why multilayers are observed rather than

monolayers.

140



Glassy carbon electrode

Figure 4.11 shows the cyclic voltammogram for the nitrobenzenediazonium reduction on

the glassy carbon electrode.
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Figure 4.11: Cyclic voltammograms showing the nitrobenzenediazonium deposition onto the GC
electrode surface (2mM in TBAP/MeCN), where the solid black line represents the first scan and
the dotted line showing the second scan.

The voltammogram shows a broad reduction peak at around +0.05 V through scan 1 with
no peak through scan 2. The peak observed through scan 1 is in line with the expected
potential for the reduction of the nitrobenzenediazonium salt on a glassy carbon
electrode!® 2%, This reduction peak disappears through scan 2. Pinson and Podvorica
attribute this broad irreversible reduction peak to the cleaving of nitrogen gas from the
nitrobenzene. The reason for the peak disappearance in the second scan was the same as

that discussed for the gold electrode.®*
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ITO electrode

Figure 4.12 shows the cyclic voltammogram for the nitrobenzenediazonium reduction on

ITO:
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Figure 4.12: Cyclic voltammograms showing the deposition of nitrobenzenediazonium onto an ITO
electrode surface (2mM in TBAP/MeCN). Where the solid black line represents the first scan with
the dashed line representing the second scan.

From scan 1 a sharp reduction peak was seen at +0.1 V which the disappeared though
scan 2. The peak observed through scan 1 is similar to those seen on the gold electrode
where the peaks were sharp (figure 4.9) rather than broad (glassy carbon, figure 4.11).
This single sharp peak indicates that the ITO surface is flat and universal which is
unsurprising as the ITO electrodes are fabricated by depositing a thin layer of ITO onto a

glass surface.

Comparing the three different substrates, they all gave the expected reduction waves for
the nitrobenzene deposition. There are clear differences however in the waves obtained
for each of the surfaces and this difference is due to the materials surface properties. The
gold and ITO gave rise to sharp reduction peaks whereas the GC with a broad reduction

peak.
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The difference of the glass carbon and ITO compared to the gold electrode was that the
reduction showed one peak instead of two, indicating a more universal crystalline

structure across the electrode surface.

Having deposited the nitrobenzene layer onto the electrode surface the nitro group was

then reduced to the corresponding amine.

Nitro to amine electrochemical reduction

Gold

The nitro to amine reduction required protons and therefore needed to be carried out in a
protic solution, in respect of this process the proton donor was ethanol. Figure 4.13

presents the voltammogram for the nitro reduction on gold:
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Figure 4.13: Cyclic voltammogram of the reduction of nitrobenzene to aniline on a gold electrode
surface, solution consisted of 90:10 0.1 M KCI and ethanol scan rate 0.1 V s
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From the first scan a reduction peak at -0.9 V was observed which subsided during scan
2. A reversible system was seen between -0.3 and -0.4 V from the end of the first scan
and throughout the second scan. This sharp reduction can be attributed to the six proton,
6 electron reduction of the nitro moiety to the corresponding amine moiety, this peak was
in agreement with Gui et al. where nitrobenzene deposition and the corresponding
reduction to the amine was compared on both gold and glassy carbon electrodes (see next
section for glassy carbon). Within their work a sharp reduction peak was seen at -0.9 V.2
Towards the end of the first cycle there was an oxidation peak at -0.3 V which represented
the oxidation of phenylhydroxylamine group to nitrosobenzene caused by the formation

of nitrosobenzene as an initial intermediate see figure 4.14.

NO, + 2HT t2¢ l—@No +H,0 Step 1

+2e€ —
—< >—NO +2H* = oo @—NHOH Step 2

+ - —
—< >—NHOH +2H" 2¢ @'NHz +H,0 Step 3

Y

Figure 4.14: Schematic showing the reduction of the nitro group to the corresponding amine
through a three step process.

The reaction scheme in figure 4.14 was proposed by Gui et al. where in step one there is
a two proton, two electron reduction to form the nitroso group and water. In step two this
group goes through another two proton, two electron reduction to form the hydroxylamine
group which can readily reverse back to form the nitroso group. It is this intermediates
reversibility that causes the oxidation and reduction peaks observed in figure 4.6 at -0.3

and -0.4 V. Step three shows a final two proton, two electron reduction to form the amine
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group and water. Two moles of water are lost throughout this process which is

irreversible.

Glassy carbon

Figure 4.15 shows the cyclic voltammogram for the nitro to amine reduction on glassy

carbon:
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Figure 4.15: Cyclic voltammogram showing the reduction of nitrobenzene to aniline on a GC
electrode, where the solid black line represents the first scan and the dotted line showing the second
scan, solution consisted of 90:10 0.1 M KCI and ethanol, scan rate 0.1 Vs™.

The voltammogram shows a sharp reduction peak at -0.9 V followed by an oxidation peak
at +0.2 V during scan 1. During scan two there was a reduction peak at +0.1 V. The
voltammogram clearly represents all the individual processes that occur during the
chemical reaction. The first scan shows a sharp reduction peak at ~ -0.9 V indicating the
reduction of the nitro group to the amine. Upon completion of the first cycle an anodic
peak is observed at +0.3 V with a reduction following at +0.1 V. These peaks represent
the oxidation and reduction of the nitroso moieties to the hydroxylamine moieties in the

same way as discussed with respect to the gold electrode and shown in figure 4.14.2%
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ITO electrode

Figure 4.16 shows the cyclic voltammogram for the nitro to amine reduction on ITO.
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Figure 4.16: Cyclic voltammograms showing the reduction of the nitro moieties to the
corresponding amine on an ITO electrode with scan 1 represented by the solid black line and the

second scan by the dotted line, solution contained of 90:10 0.1 M KCI and ethanol, scan rate 0.1 V s
1

For the first scan there is a sharp reduction around -1V followed by an oxidation at -0.2
V. During the second scan reduction peaks are seen at -0.3 V, -0.9 V and an oxidation at
-0.2 V. The peak at -1 V is representative of the full reduction of the nitro moieties to the
amine through the mechanism presented in figure 4.14. With the oxidation and reduction

peaks at -0.2 V and -0.3 VV which is step 2 in figure 4.14.

By having the polyaniline layer on the electrode surface electron transfer between the
ferrocene and the electrode is enhanced, with the aniline acting as a “molecular wire”

(figure 4.1).1%
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4.3.2.2 Characterisation of the anti-progesterone immobilised electrode surface
The characterisation of the ferrocene-tagged antibodies on the electrode surface was

investigated by using cyclic voltammetry.
Characterisation of ferrocene tagged anti-progesterone immobilised on gold

Figure 4.17 shows the CVs of the antibody modified gold electrode at various scan rates

ranging from 10 mV s rising to 1000 mV s™.
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Figure 4.17: Cyclic voltammograms of ferrocene-tagged anti-progesterone on the gold electrode
surface with scan rates from 10 mV s rising to 1000 mV s.

An oxidation peak can be seen at +0.35 V, which confirms that the ferrocene is on the
surface and that the immobilisation process had been successful. The weak redox peak is
indicative of large capacitance within the system. To further confirm this a graph was
plotted of peak current against scan rate a linear trend would confirm the surface

confinement of the redox species.

Equation 4.2 shows the relationship between the peak, the scan rate and the concentration
of redox species on the surface. By using this equation it can be confirmed that the

ferrocenes are surface confined, by plotting the peak current against the scan rate.
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~ nPF%vAr
Where ip is the peak current (ampere), n is the number of electrons transferred, F is
Faraday’s constant, A is the area of the electrode surface (m?), I is the surface coverage

(mol m), v is the scan rate (V s1), R is the gas constant and T the absolute temperature

(K).202
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Figure 4.18: Plot showing how the peak current changes with an increase in the scan rate.

Equation 4.2 states that the peak current is proportional to the scan rate confirming that
the redox process is confined to the electrode surface and not occurring through diffusion
(Randles-Sevcik relationship). 2% Figure 4.18 shows a linear relationship and follows the

results reported by Dou et al.>

This can be further shown by a plot of the f/—% vs Vv (figure 4.19):2%
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Figure 4.19 plot descripting the peak current over the square root of the scan rate versus the square
root of the scan rate on a gold electrode.

Figure 4.20 shows a linear relationship between the% vs+/v. As described by

Thomasson et al. a linear relationship through this plot shows that the peak current is
therefore proportional to the square root of the scan rate again confirming the surface
confined redox species, this also proves that there is no diffusion occurring at the

electrode surface and that the signal is that from the surface confined ferrocenes.?%
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Cyclic voltammetry of the anti-progesterone modified GC electrode

The applicability of the GC electrode was investigated. Figure 4.20 shows the CVs for a

range of scan rates from 10 mV s up towards 500 mV s,
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Figure 4.20: CVs of the ferrocene tagged anti-progesterone at various scan rates on a glassy carbon

electrode.

It can be seen that at +0.3 V region there is an oxidation wave observed which represents

the oxidation of the ferrocene to the ferrocenium cation with a reduction wave being

observed at +0.2 V, during the reduction scans grooves can be seen this is a result of noise

in the system and external influence on the electrode. The scan rate was plotted against

peak current according to equation 4.2 and is shown in figure 4.21.:
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Figure 4.21: A graph showing how the peak current changes with increasing scan rate on glassy
carbon.
As the scan rate increases the peak current increases, but would expect a linear

relationship between the two (equation 4.2). However as the graph shows a linear

relationship was not observed.

Unlike the gold electrode where scan rates up to 1000 mV s were investigated, above
500 mV s the glassy carbon electrode gave voltammograms where an oxidation peak
was not clearly visible. With the correlation coefficient being only 0.89, despite the

surface confinement of the ferrocene, the reliability and sensitivity of the system could

be an issue. A plot of % vs v/v gave no useful results.

CV of ferrocene tagged anti-progesterone on ITO

The ferrocene tagged antibodies on the ITO electrode surface was then investigated to
gage the electrodes suitability, the success of this electrode surface could allow a
translation from electrochemical detection to chemiluminescence detection as the surface

is transparent.
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Figure 4.22: CVs of ferrocene tagged anti-progesterone on the ITO surface at various scan rates,
ranging from 10 mV s to 1000 mV s,

Figure 4.22 shows the ferrocene tagged anti-progesterone antibodies on the ITO surface,
there is a clear oxidation peak at +0.275 V even at the higher scan rates. The figure follows
the same trend as that observed for the GC and Au electrodes. The oxidation peak
observed at +0.275 V represents the oxidation of ferrocene to the ferrocenium cation;
with the corresponding reduction seen at +0.25 V particularly at the higher scan rates
being observed. This reduction was not however as prominent in relation to the oxidation

peak.
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Figure 4.23: Graph showing how the peak current observed changes with the scan rate on ITO.

For this system as shown in figure 4.23 a linear correlation was observed where the peak
current increased with the scan rate. The correlation coefficient of 0.98, indicated that the

system would be suitable for investigating electrochemical immunoassays.

Similarly as shown for the gold electrode this can be further confirmed though the plot of

ip : .
£ s Vv (figure 4.24):
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Figure 4.24 plot descripting the peak current over the square root of the scan rate versus the square
root of the scan rate on an ITO electrode.
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Figure 4.24 shows a linear relationship with a stronger correlation to that observed on
gold further enhancing the surfaces ability to act as a suitable antibody immobilisation
platform for carrying out immunoassays. Comparing the three electrode materials the

gold and the ITO electrode provide the best substrate for immobilisation of antibodies.

The reasoning for the difference between the three electrode surfaces stems from the
electron transfer involved in the deposition process. Lehr et al. investigated the
nitrobenzene grafting on a glassy carbon electrode, they concluded that the thickness of
the nitrobenzene layer is largely affected by the amount of time the electrode is immersed
in the solution, indicating a long period of time is required to obtain the nitrobenzene
films?®®, The result of this grafting would impact the concentration of antibodies on the

surface impacting the efficiency of the electrode surface to carry out the immunoassay.

4.3.2.3 Electrochemical immunoassay on each electrode surface

Having characterised the antibody immobilisation protocol on the various electrode
substrates, an electrochemical immunoassay was carried out. This immunoassay was
different to the competitive and non-competitive immunoassays described in section
1.4.2.2. In this method the sample of interest was incubated for 15 minutes with the
antibody. As explained in the introduction to this chapter (section 4.1) if no antigen is
present there will be a large electrochemical signal produced. After incubation the antigen
binds to the antibody blocking the ferrocenes resulting in a lower signal. For all
measurements the CV was run at 0.1 V s, this was chosen to allow the electrochemical
reaction to occur which can be a problem at faster scan rates due to the electrode kinetics

and slower scan rates result in a slow analysis time, the same is true for the SWV.
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Electrochemical immunoassay on gold

Having determined that the ferrocene-tagged anti-progesterone immobilised onto the gold
electrode surface is present and suitable for carrying out an electrochemical immunoassay
various concentrations of progesterone were incubated for 15 minutes on the electrode
surface according to the procedure outlined in section 4.2.3. Cyclic voltammetry and

square wave voltammetry was then carried out on the system before and after incubation.
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Figure 4.25: Cyclic voltammograms showing the ferrocene-tagged anti-progesterone as the system
is incubated with an increasing concentration of progesterone, varying from 1 fg mL rising to 1 pg
mL! for 15 minutes, the black line represents the antibody before any progesterone addition scan
rate 0.1 V s**. Measurements were carried out in 10 mM PBS.

The legend within figure 4.25 applied directly for all other voltammograms within this
section. The black line represents the anti-progesterone without any addition of
progesterone, which clearly shows an oxidation and reduction peak at +0.3 V and + 0.2
V respectively. After the first addition of progesterone there is a substantial decrease in
the observed current for both the oxidation and reduction peaks and this continues as the
concentration of progesterone increases. The CV gives a good indication as to how the
system responds upon addition of progesterone however, to use this technique for
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analytical quantification, square wave offers increased sensitivity. For the reasons

outlined in chapter 2.

a) 3.0 -
2.8 -

Increasin;
2.6 A -
Progesterone
Concentration

1/pA

1.2 T T T T 1
0 0.1 0.2 0.3 0.4 0.5
E/V vs. Ag/AgCl

b) 1.2 -

Increasing
0.8 - Progesterone
Concentration

0.6 4

I/ A

0.4 A

0.2 4 E

0.0 + T
0 0.1 0.2 0.3 0.4 0.5

E/Vvs. Ag/AgCl

Figure 4.26: Square wave voltammograms showing the change in signal as the concentration of
progesterone added increased from 1 fg mL rising to 1 pg mL™on a gold electrode. The black lines
represents the anti-progesterone prior to the addition of progesterone. A) Without baseline
correction and b) with baseline corrections, frequency 25 Hz, amplitude 1 mV. Measurements were
carried out in 10 mM PBS.
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Figure 4.26a shows the square wave voltammograms obtained as the concentration of
progesterone incubated on the electrode surface increased .With b) showing the same
voltammograms but with a baseline correction to show the trend more clearly. It can
clearly be seen that there is a clear drop in the current observed as the concentration of

progesterone increases.

This signal change shows that there was an affect from the antigen in this case

progesterone and the ferrocene tagged onto the antibody, as found by Dou et al. >

Using this signal change a calibration was obtained to measure the systems applicability

to monitoring the concentrations of progesterone

The change in peak current was calculated by using Ai =ian — iag Where iap represents the
current prior to the addition of antigen and iag represents the current after the addition of

the antigen.
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Figure 4.27: a) Calibration curves with a plot of the change in peak current against the
concentration of progesterone added within the range of 1x10-¢ ng mL rising to 1x 103 ng mL*
from the experimentally determined square waves; b) calibration plot of the same concentration

range from the baseline corrected square wave voltammograms on a gold electrode (n=3) .

Figure 4.27 shows the calibration plots from a) the experimentally determined square

wave measurements and b) the baseline corrected ones. The first plot shows a clear linear

range with minimal error between 1x102 ng mL™* and 1x10%® ng mL™; which is in

accordance to the work by Dou et al. where a LOD of 23 pg mL™ was determined.>*

By using the baseline corrected results the linear range increased (1x107 — 1x10% ng mL"

1. Using these results the correlation coefficient also improved (0.9491).
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Electrochemical immunoassay on glassy carbon

Although the glassy carbon was inferior to the other electrodes investigated for this

application it was decided to just checkout its applicability.

Figure 4.28 shows the CVs of the ferrocene tagged antibody as the concentration of
progesterone added increases for the glassy carbon electrode, with concentrations ranging

from 1 fgmL™* to 1 pg mL™.
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Figure 4.28: Cyclic voltammograms of the ferrocene tagged anti-progesterone upon addition of
various concentrations of progesterone ranging from 1 fg mL rising to 1 pg mL* for an incubation
period of 15 minutes with the black line representing the ferrocene tagged anti-progesterone prior
to progesterone addition, scan rate 0.1 V s. Measurements were carried out in 10 mM PBS.

The black line represents the ferrocene tagged anti-progesterone prior to the addition of
progesterone. As before the voltammograms do not show a clear oxidation peak, however
a reduction peak can be seen at +0.27 V, the current produced during the reduction

decreases as the concentration of progesterone increases.

The CVs of the ferrocene tagged antibodies are in agreement with the work carried out

on the gold electrode, where larger progesterone concentrations resulted in a decreased in
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the current measured in both the oxidative and reduction peaks. Figure 4.29 shows the

SWV voltammograms.
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Figure 4.29: Square wave voltammograms of ferrocene-tagged anti-progesterone, where the black
line represents the antibody alone, with subsequent voltammograms representing various
concentrations of progesterone ranging from 1 fg mL? up to 1 pg mL?, where a) is without and b)
is with a baseline correction with all measurements an incubation period of 15 minutes was used,
frequency was 25 Hz and an amplitude of 1 mV. Measurements were carried out in 10 mM PBS.
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Figure 4.29 shows the SWV voltammograms with a) showing the measured
voltammograms with b) the baseline corrected voltammograms. Both diagrams clearly
show a peak at +0.3 V, with the peak current reducing as the concentration of

progesterone increased.

As observed on the gold electrode, the signal change is clearer with square wave
voltammetry compared to the cyclic voltammetry; a calibration curve was plotted by
taking the signal change before and after progesterone incubation from the square wave

measurements:
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Figure 4.30: Calibration curves representing the change in peak current against the concentration
of progesterone within the range of 1x10% ng mL rising to 1x 10 ng mL! where a) is without and
b) is with a baseline subtraction on a glassy carbon electrode (n=3).
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Figure 4.30a shows the calibration curve taken from the experimentally measured square
wave voltammograms unfortunately a linear relationship within the required clinical
range for progesterone was not obtained due to the difficulty in interpreting the
voltammograms. The baseline corrected square waves figure 4.29b the voltammograms
can be interpreted which gives the calibration curve shown in figure 4.30b where a linear
correlation can be observed within the required clinical range for progesterone. The use
of a glassy carbon electrode for an electrochemical immunoassay for the detection and
quantification of progesterone in saliva samples was possible, the gold electrode gave
clearer cyclic and square wave voltammograms; which allowed interpretation of the

results to be carried out more accurately; increasing the reliability of the system.
Electrochemical immunoassay on ITO

The same concentration range that was investigated on the other electrode surfaces was
repeated for ITO, again with the corresponding CVs and SWVs measured with

concentrations ranging from 1 fg mL?to 1 ug mL™.
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E/ V vs. Ag/AgCl

Figure 4.31: CVs of ferrocene tagged anti-progesterone on an ITO electrode surface, where the
black line represents the ferrocene tagged anti-progesterone prior to any incubation with
progesterone. The coloured voltammograms represents each concentration of progesterone ranging
from 1 fg mL increasing to 1 pg mL™%, scan rate of 0.1 V s**. Measurements were carried out in 10
mM PBS.
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Figure 4.31 shows how the cyclic voltammetric measurement changed with addition of
progesterone. The CV for the ferrocene tagged anti-progesterone shows a clear oxidation
peak at around +0.25 V and a reduction peak at around +0.2 V with the same trend that
was observed on the other electrode materials; where the peak current decreases with an
increase in progesterone concentration.
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Figure 4.32: a) Square wave voltammograms of the ferrocene tagged anti-progesterone, where the
black line represents the anti-progesterone prior to any progesterone addition. The concentrations
studied were between 1 fg mL* and 1 pg mL™%. Where b) represents the same voltammograms
however with a baseline correction, frequency of 25 Hz and amplitude of 1 mV. Measurements
were carried out in 10 mM PBS.
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Figure 4.32 shows the square wave measurements with changing concentration of
progesterone, in the same way as shown with the CVs the peak current decreases as the
concentration increases and like the other electrodes the square wave voltammograms
were easier to interpret compared to the CVs. Figure 4.33 shows the calibration plots from
these measurements. Again the calibration was plotted by subtracting the initial signal
from the ferrocene tagged antibody from the signal observed after incubation with the

progesterone in PBS.
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Figure 4.33: Calibration curves showing the change in peak current against the concentration of
progesterone. Where a) represents the experimental square waves and b) the baseline corrected
square waves (n=5).
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Figure 4.34 shows a linear correlation between the change in peak current and the change
in the progesterone concentration. This linear trend can be seen for the both the measured

square waves and those that had a baseline correction.

Observing figure 4.33 instantly the sensitive on the ITO surface has increased in
comparison to that seen on the other surfaces, from the calibration the linear region is
from 1 x 10* ng mL* (0.1 pg mL™) rising to 1 ug mL™%, which is an order of magnitude

more sensitive than that observed on the gold and carbon electrodes.
Conclusion to electrode material investigation

In conclusion all three electrode materials investigated could be used to carry out an
electrochemical immunoassay to quantify progesterone within the clinical range for

progesterone found in saliva.

Au GC ITO
Successful Surface Successful Somewhat Successful
Characterisation Successful
Sensitivity 1pgmL?t-> 1pgmL?t-> 0.1pgmLt->
1 pug mL? 1 g mL? 1 g mL?
Within Required Yes Yes Yes
Range
Reproducibility of | Very 56 out of 60 | Somewhat 50 out | Very 60 out of 62
antibody attempts. of 65 attempts. attempts and still
immobilisation. on going.

Table 4.1: Comparison of the various electrode materials investigated.

Table 4.1 shows that the most sensitive electrode substrate was the ITO electrode where
a progesterone concentrations of 0.1 pg mL* were observed, an order of magnitude lower
than that for the other two electrode materials however all three were within the required
range for progesterone in saliva. Au and ITO were the easiest to analyse. The glassy
carbon electrode performed the worst. The key differences of these results is the electrode

surfaces, gold and glassy carbon have non-uniform surface whereas ITO is flat with a
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fractal dimension tending to 2.2 With ITO being transparent, the most sensitive and flat

this was selected for further studies.

4.3.3 Optimising the ITO electrode for progesterone analysis in saliva
Having concluded that the ITO electrode was the most efficient at carrying out antibody
immobilisation as well as the subsequent immunoassay, the system was evaluated further

with the aim of incorporating the system into a flow device (chapter 5).

Firstly within this investigation the system in its entirety needs investigating, having
concluded the electrode material the immunoassay protocol itself needs optimising this
was achieved by an incubation time study. The incubation times looked at were 15, 30
and 60 minutes, these time frames were chosen to maintain a reasonable time frame for a

POC measurement.
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Figure 4.34: a) CVs of the ferrocene tagged anti-progesterone, before and after incubation with 100

pg mL™ progesterone at various incubation times, scan rate of 0.1 V s, scan rate 0.1 V s™and b) the

square wave voltammograms representing the same incubation times frequency 25 Hz, amplitude 1
mV. Measurements were carried out in 10 mM PBS.
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Within this experiment the oxidation and reduction peaks from the CVs are not clear as
shown in figure 4.34a, however oxidation and reduction waves can be interpreted at +0.3
V and +0.1 V respectively. The square wave voltammograms which are much clearer
than the CVs. A peak can be seen after each measurement between +0.25 V and +0.3 V.
For both figures 4.34a and 4.34b there was a decrease in signal as the incubation time

increases.

From the CV measurements, figure 4.35 shows the peak current changes for the oxidation

and reduction peaks as the progesterone/anti-progesterone incubation time increases.
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Figure 4.35: a) Graph showing how the peak oxidation and reduction currents change with

incubation of 100 pg mL"* progesterone at various times from the CV measurements.

A current drop is observed after progesterone addition as expected up until the 30 minute
incubation period for both the oxidation and reduction processes. After which the current
produced stays constant; this indicates that equilibrium has been met where the antigen
absorption and desorption is equal.>* Through the plot we can see the system is Langmuir-
looking, within this area of work it is common to use the Langmuir Isotherm as a route to

quantify adsorption of this nature. Latour et al. talks about using this model to investigate
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protein absorption. This model is used primarily due to the simplicity of the model
allowing quantification of the adsorption process between the antigen and the surface.?’
However it must be stressed that the use of this model does rely on a number of
assumptions, these include all binding sites are homogeneous, each binding site binds
with one molecule, no interaction that can affect the binding behaviour and equilibrium

IS met within the experiment.

This model is widely used however as a way of quantifying the adsorption and provides
a route to potentially take forward and investigate further. For these reasons this model

will be used throughout.

This observation was also found when analysing the SWV voltammetry.
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Figure 4.36: a & b) Graphs showing how the peak current and peak potentials for the oxidation of
ferrocene tagged anti-progesterone change with incubation time, through measurement using
square wave voltammetry.
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Figure 4.36a shows the same trend that was observed from the cyclic voltammetry
measurements where a peak current drop occurred after 15 and 30 minute incubation

times, until the current plateaued after which a constant peak current was observed.

From this investigation therefore the optimum incubation time was 30 minutes, this

incubation time was used when carrying out the electrochemical immunoassay in saliva.

Resistivity measurements

In this work measuring more than one antibody is essential it would therefore be useful
to have spatial resolution this was achieved by separating the electrode into three areas
with circular adhesives. However this affects the resistance across the electrode, because
of this each individual area had the resistance measured, this was measured over 4

different electrodes with an average taken this affect can be seen in table 4.2:

Area 1 (kQ) Area 2 (kQ) Area 3 (kQ)
Electrode 1 0.77 0.60 0.34
Electrode 2 0.76 0.56 0.30
Electrode 3 0.83 0.57 0.33
Electrode 4 0.72 0.55 0.34
Average 0.77 0.57 0.33

Table 4.2: Resistivity measurements across the ITO electrode, where area 1 is 3.6 cm away from the
copper tape, area 2 is 2.4 cm away from the copper tape and area 3 being 1.2 cm away from the
copper tape.

From the table it is clear that the having the spacers on the electrode does have a minor
effect on the resistance however this is not large enough to impact the immobilisation
process, this will only affect the area in itself; overall across the electrode there has been
no significant impact to the results obtained. Having determined this it was possible to

look at the concentration of antibodies on the electrode surface.
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Number of antibodies on the electrode surface

Having determined the peak current for the ferrocene tagged anti-progesterone using
cyclic voltammetry in figure 4.29 which was 15 pA and the number of ferrocene tags per
antibody which was calculated to be 13 on average (section 4.3.1), the number of

antibodies on the surface could be determined using equation 4.3:

. 1(F
lp =Z<E)SFU.I}Oty (4.3)

Where:

ip° is the peak current of the pure ferrocene tagged to the antibody in the absence of

antigen (15.21 pA).
F is Faradays constant (96484.6 C mol™).

RT is the amount of thermal energy in the system and is the product of the molar gas

constant (8.314 J mol™ K1) and the absolute temperature (298 K).
S represents the area of the electrode (0.28x10* m?).

v is the scan rate 0.1 V s,

Mot IS the number of antibodies per unit area.

y is the number of ferrocene moieties on each antibody (13).

Rearranging the equation and putting the values in gives:

1.521x107°

Ttor = 96484.6 /13

o ). . -4,
025 (3317795  96484.6 - 0.28x10*- 0.1
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Solving this equation gave the number of antibodies on the electrode surface as 4.46 x10°
"mol m2or 4.46x10** mol cm™. This concentration calculated per unit area was expected
for this type of system with a pre-deposited film on the electrode, where values of 10°
mol m have been reported.?% It must be noted however the concentration of antibodies
will change slightly across the electrode because of the resistivity changes discussed

previously.

4.3.4 Electrochemical immunoassay of progesterone in artificial saliva.

Having successfully determined that this system can be used to carry out an
electrochemical immunoassay, it was necessary to investigate the system in a biologically
relevant matrix, which with respect to the aims of this work was saliva. As described in

section 1.3.

The artificial saliva was prepared using the recipe outlined in section 4.4.4 and was spiked

with progesterone using a 30 minute incubation period.
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Figure 4.37: a) Cyclic voltammograms showing the signal change as the concentration of
progesterone increases, where a concentration range of 1pg ml- to 1 pg mL*. B) SWV
voltammograms from the same concentration ranges, where the black voltammograms represents
the ferrocene-tagged anti-progesterone prior to any progesterone addition.

Figure 4.37 shows a) the CVs and b) the SWVs illustrating the change in signal as the

concentration of progesterone increased in saliva.

The CVs show an oxidation at +0.3 V and a sharp reduction at +0.1 V which is a shift
from that observed in the buffer, the reason for this shift is probably due to the matrix
being used, despite this the same trend is observed that the signal observed decreases as

the concentration of progesterone added increases, this can be clearly seen through the
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SWV voltammograms. From these voltammograms the calibration was plotted as change

in peak current against the log of the progesterone concentration:
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Figure 4.38: Calibration curve of progesterone in artificial saliva between the ranges of 1 pg mL™*
and 1 pg mL! (n=3).

The calibration plot shows a linear correlation within the required clinical range for
progesterone in saliva, with a LOD equalling 1.7 pg mL™. This was calculated by: LOD
= average signal of the blank + 3 times the standard deviation of the blank. This LOD is
an order of magnitude higher than that seen on the ITO when the buffer was used, this
change is probably due to the matrix used however this LOD is significantly better than
that obtained using the glass slides (chapter 3) where an LOD of 33 pg mL™? was
calculated which was using buffer and not saliva meaning this method is significantly
more sensitive. This is probably due to the improvement in the immobilisation process,

resulting in more antibodies being orientated in the desired manner.
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4.4 Conclusion to the Electrochemical Immunoassay Investigation

In this chapter a successful electrochemical immunoassay system has been developed that
can be used to quantify the concentration of progesterone within a sample of saliva.
Various electrode materials were investigated and although all three electrode surfaces
(Au, GC and ITO) could be used for an electrochemical immunoassay for progesterone
with the required clinical sensitivity for progesterone in saliva, ITO was demonstrated to
provide the best performance, which is due to the flat ITO layer deposited onto the glass.
The uniform layer enabled a uniform layer of nitrobenzene to be deposited which
potentially resulted in a uniform layer of antibodies. The use of gold was also successful,
this was expected seeing as SPR systems use gold chips to carry out immunoassays in the
laboratory. Glassy carbon gave the poorest results due to surface characteristics. A longer
emersion time for the nitrobenzene deposition is required which means a large number of

cycles are required.

Having determined the optimum electrode material the incubation time was optimised
which came out to be 30 minutes; this incubation time was acceptable for POC as a result
can be determined within 35 minutes. However as can be seen from the electrode material
investigation (section 4.3.2.3) the required sensitivity for our analysis can be achieved in
15 minutes. The system was also selected to test with a matrix of artificial saliva, showing
the system would work with respect to real biological matrix. With a LOD of 1.7 pg mL"
! proving that the method is extremely sensitive especially in comparison to the work
described in chapter 3 where a LOD of 33 pg mL™* was determined which primarily is
due to the improved orientation of the antibody on the surface. Bearing in mind the LOD

in chapter 3 was in 10 mM PBS and the value quoted above was in saliva.
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The system was fully characterised, through the use of UV-Visible spectroscopy and the
average number of ferrocene tags on the antibody was found to be ~13; with the
concentration of antibodies on the surface of 7.69x10°° mol cm™. This quantification is
a HUGE benefit of the electrochemical system as every step was quantifiable and
controllable allowing strong reproducibility that would not be possible using the methods

outlined in chapter 3.

One problem with the use of this ITO method as an electrochemical sensor is that the
resistivity was not uniform across the electrode with the spot closest to the copper tape
having a lower resistance that furthest away, so while the immobilisation process is
successful another detection system needed to be looked at where this does not become
such a huge issue. Incorporating the protocol into a flow system, where CL detection
would take place would limit these affects. This issue itself could be solved however by

having individual connections to each spatial area (figure 4.39).

Reference and
Counter Electrodes

Cu Tape

ITO — 5
Electrode

2.5cm

Figure 4.39: lllustration showing a potential fresh electrode design to enable a continuous
connection across the 1TO electrode.

Figure 4.39 shows that placing the copper tape across the electrode surface, there is a
universal connection across the entire electrode allowing the reactions that occurs within

the different areas to occur uniformly.
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ITO as an electrochemical immobilisation platform can therefore be utilised by slotting
the modified electrode into a microfluidic device and investigate the use of CL as a

detection method, as this will then eliminate the need for counter and reference electrodes.

This investigation has developed a robust immobilisation protocol that is reproducible
which is essential for our aims, which was due to the rigid orientation of the antibody on

the surface resulting in the ideal orientation.
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Chapter 5 Development of a Chemiluminescence
Immunoassay for Progesterone and Oestriol with an
Electrochemical Immobilisation Protocol

5.1 Introduction

Having demonstrated that the electrochemical immobilisation procedure was successful
on the transparent ITO, giving reproducible reliable results with electrochemical
detection the method was then adapted for CL detection. This was investigated because
CL detection gives high sensitivity with simple instrumental requirements, with no need

to incorporate electrodes for the detection and is therefore idea for a point of care systems.

In chapter 3 HRP was investigated as a catalyst for the luminol and hydrogen peroxide
reaction, HRP contains an iron centre which carries out the catalysis for the hydrogen
peroxide/luminol reaction. Like HRP ferrocene contains iron and therefore it was a
possibility that the ferrocene attached to the antibody for the electrochemical detection
could be used as the reaction catalyst. In fact Schiffrin and Wilson used oxidised ferrocene
to catalyse the luminol/H.02 reactions.?% It was therefore decided to try CL detection just
using the ferrocene tagged antibody omitting the expensive HRP reagent. Figure 5.1

presents a schematic of the concept for the CL immunoassay.
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Figure 5.1: Schematical concept showing how a CL immunoassay would work using ferrocene
tagged antibodies, the wire represents the aniline group as discussed in chapter 4.

In this approach oxidised ferrocene tagged to the antibody without the presence of an
antigen would generate the largest CL emission signal as the oxidised ferrocene is reduced
and the luminol is oxidised generating the light. If a sample was introduced binding would
occur between the antigen and antibody blocking the ferrocene moieties (as with the
electrochemical detection). This would affect the electron transfer at the surface which

would result in a reduction in the light signal observed.

The plan would be to prepare the ITO electrodes with the immobilised and oxidised
ferrocene tagged antibody. This could then be slotted into a POC device as and when

required.
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5.2 Experimental Procedures

5.2.1 Immobilisation of ferrocene tagged anti-progesterone onto an ITO electrode

Antibody immobilisation onto the ITO

Anti-progesterone and anti-oestriol antibodies were tagged with the ferrocene redox
species using the same protocol that was described within section 4.2.1. With the
electrode surface modification and immobilisation following that explained in section
4.2.2. Two spots were isolated on the electrode by using adhesive stickers with holes
punched out. Anti-progesterone was spotted on one of these areas and anti-oestriol on the

other enabling spatial isolation.
Preparation of the electrode to carry out CL immunoassay

In the same way as before the electrode surface was blocked with 1% BSA in PBS, for
30 minutes, after the wash with PBS (10 mM) an electrochemical oxidation of the
ferrocene moieties was carried out, using CV where a scan was undertaken from 0V to
+0.6 V with the same parameters outlined in section 4.2.2 however a scan rate of 10 mV
st was utilised for this process. This was to enable more time at a set potential which
would Kinetically favour the ferrocene oxidation. The system was stopped after viewing
the oxidation peak of the ferrocene. This was carried out in a PBS solution using the same

three electrode setup as previous (section 4.2).

179



5.2.2 Procedure for carrying out the CL immunoassay

For the first experiments the immunoassay was carried out as static experiment on the
modified electrode. The oxidised electrode was placed under the CCD camera where a
background image was taken. Subsequently an image was taken where 70 pL of luminol
and hydrogen peroxide (10 mM of each) had been added to each individual spot. This
volume was chosen as volumes <40 pL gave no signal and would not cover the entire
spot, volumes >70 pL over-flowed the spatial area with volumes in between resulting in

a larger signal as the volume increased.
Preliminary signal change observations

A preliminary experiment was conducted to determine whether a signal change would be
observed after incubation. 10 ng mL™ of progesterone was incubated for 1 hour this was
to give the greatest chance for interaction between the antigen and antibody to such an
extent any signal change would be observed. The stability of the oxidised ferrocene was
investigated by making CL measurements immediately after oxidation, 1 hour after
oxidation and 1 day after oxidation and comparing the results. The electrode was stored

in PBS between measurements.
Optimisation of the CL reagents

Various concentrations of luminol and hydrogen peroxide were investigated to obtain the
optimum conditions for this particular CL immunoassay. The concentrations again ranged
from 1 mM to 50 mM for both luminol and hydrogen peroxide. For the reasons presented
in chapter 3 the pH was maintained at pH 9 throughout. The exposure time was also

optimised in the same way as described in section 3.3.1.
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Developing a calibration curve

Calibration curves were obtained by making measurements for a range of standards
solutions (0.01, 0.1, 1, 10 and 100 ng mL™?) for both analytes (progesterone and oestriol)
within the artificial saliva matrix section 4.2.4). 30 uL aliquots of each concentration of
progesterone and oestriol were pipetted onto the corresponding spot and left to incubate.

Various incubation times were also investigated, 15, 30 and 60 minutes.

After the sample was left to incubate the electrode was washed with PBS and placed back
under the camera where again another background image was taken. 70 pL of

luminol/H20. (10 mM of each) was added and an image captured.
Interference studies

To investigate any potential interference oestradiol, oestrone, testosterone and vitamin D3
were investigated with a standard of 20 ng mL™. This concentration was selected as it is
greater than the upper concentration of each molecule to be found naturally within

females 15, 210, 211

5.2.3 CL immunoassay within a flow cell

For the flow cell (figure 2.3) the copper tape was removed from the ITO electrode with
the oxidised antibodies as copper can catalyse the luminol and hydrogen peroxide
reaction.?2 The electrode was then placed face down onto the macroflow cell and was
fitted into place with wax (see section 2.5). The flow rate was then optimised using flow
rates ranging from 0.1 mL min™ to 2.5 mL™. The concentration of reagents was kept the

same as for the static method.
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For the immunoassay within the flow cell a mixture of luminol and hydrogen peroxide
was pumped through the cell and an initial CL image was taken, the cell was flushed with
PBS (10 mM) to remove the luminol and hydrogen peroxide, and then each standard was
pumped into the cell incubate over the same time frames (15, 30 and 60 minutes),
followed by a further wash with PBS (10 mM). Luminol and hydrogen peroxide were

again flushed into the chip and the CL image taken before washing the cell out again.

5.2.4 CL immunoassay in the microfluidic device

The microfluidic device presented in figure 2.4 was utilised to carry out the CL
immunoassay on a microfluidic system. The device contained two chambers one with a
larger channel and another with a thinner channel. These were incorporated with the
larger channel being similar to the macroflow with the smaller channel more
representative of a microfluidic channel. The oxidised ITO electrode was slotted into the
device where a CL reaction was carried out where the hydrogen peroxide and luminol

were flowed into the device and a CL image taken.
5.3 Results and Discussion

Chapter 4 demonstrated an electrochemical approach to immobilisation that resulted in a
reproducible protocol for antibody immobilisation. Wilson and Schiffrin demonstrated
the chemiluminescence reaction of hydrogen peroxide and luminol where ferrocene in its
oxidised form undergoing the catalysis.?® This chapter utilises this finding as a route to
carry out a CL immunoassay.

The voltammetry showing the oxidation of the ferrocene-tagged antibodies to the

ferrocenium cation is shown in figure 5.2.
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Figure 5.2: Cyclic voltammogram showing the oxidation of the ferrocene-tagged antibodies, at a
scan rate of 10 mV s™.

The ferrocene oxidation occurs at around +0.25 V, which is in line with the voltammetry
observed in the previous chapter. Only half of the CV was carried out to form the

ferrocenium cation and prevent the subsequent reduction.
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Figure 5.3: Reaction Scheme showing the oxidation of ferrocene to the ferrocenium cation.
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Ferrocenium Cation Stability

For this system to be used for POC the electrochemical oxidation needs to occur only
once, therefore to test this stability a CL image was taken prior to ferrocene oxidation,
immediately after ferrocene oxidation, 1 hour after the oxidation and 1 day after ferrocene

oxidation this can be seen in figure 5.4:
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Figure 5.4: CL images of ferrocene-tagged anti-progesterone, where a) represents the ferrocene
molecule before oxidation, b) immediately after ferrocene oxidation, ¢) 1 hour after ferrocene
oxidation and d) 1 day after oxidation 10 mM luminol (pH 9) and 10 mM H20..

For a system that will be used for POC the system needs to be simple with minimal
reaction steps, therefore a system where ferrocene oxidation is needed before every CL
measurement would not be favourable, thankfully as shown in figure 5.3 where no
oxidation has occurred no signal was seen this confirms that ferrocene in its neutral state
does not catalyse the hydrogen peroxide/luminol reaction 5.4a, 5.4b after oxidation the
light signal increases showing that in the oxidised state the catalysis occurs with 5.4c
showing the oxidised ferrocene after one hour storage in PBS and 5.4d after one day
storage in PBS. Showing the system is stable and therefore can be utilised as a route to
carry out a CL immunoassay that can be incorporated into a POC system. It has been
reported that ferrocene can be stable in aqueous solutions.?*® This stability in large could
be down to the presence of phosphate ions within the buffer stabilising the cation.
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Fc+(surf) + HZOZ(aq) "OH + FC(Surf)

Figure 5.5: mechanism of the catalytic effect of the ferrocene.

Figure 5.5 presents the reaction pathway for the ferrocenium catalysis of luminol and
hydrogen peroxide by breaking down the hydrogen peroxide forming hydroxide radical

which then reacts with luminol in a similar way as presented in figure 1.31.

5.3.1 CL immunoassay for progesterone on the ITO electrode

A preliminary experiment was carried out to see if a CL signal would be observed before
and after incubation with progesterone. Figure 5.6 shows this change with 10 ng mL*
progesterone. With 10 ng mL™ being chosen as a high concentration for the simple reason

of giving a clear signal change.

(@) (b)

6 mm

Figure 5.6: CL images of anti-progesterone antibody on the ITO surface before (a) and after (b)
incubation with 10 ng mL™ of progesterone.
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Figure 5.6 shows two images of the oxidised ferrocene tagged anti-progesterone, each
image represents a 30 pL spot of hydrogen peroxide and luminol before incubation with
progesterone and after a 60 minute incubation with 30 uL of 10 ng mL™* progesterone the
60 minute incubation was chosen simply to give a sufficient amount of time for any
reaction to occur and to generate a large signal change with the concentration being

towards the higher end of interest and would generate a clear signal change.

When the ferrocene moieties bind to the antibodies through an amide linkage this relies
on the aldehyde group from the ferrocene carboxyaldehyde reacting with free amine
groups on the antibody, these groups can be found all over the antibody however are
richly found within the fab region of the antibody where the paratope is located.'®? For
this reason when a target antigen binds to the antibody, there is also an interaction with
the ferrocene molecules. This results in a blocking affect that decreases the catalytic
efficiency resulting in a reduction in the CL signal observed. This theory is in conjunction

with that described within the previous chapter and the paper by Dou et al.>*
What brings about the change in signal?

Block the interaction of the solution with the surface confined catalyst, results in a
lowering of the rate constant (Knet, figure 5.5) and therefore a reduction in the catalytic

effect of the oxidised ferrocene, resulting in a lower intensity of light.
Optimisation of CL reagents

Concentrations of luminol and hydrogen peroxide were once again optimised to consider
the use of a different method and catalyst. The same concentration ranges were

investigated with the pH of luminol kept at pH 9.
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Figure 5.7: Calibration curves showing the effect of luminol concentration when the concentration
of hydrogen peroxide was kept constant at 10 mM the system was catalysed using oxidised
ferrocene (pH 9).

Figure 5.7 shows how the CL intensity changes with the concentration of luminol, there
is an increase in the CL intensity as the concentration increases between 1 and 10 mM.
Between 10 and 25 mM the luminol concentration decreases after which the intensity
levels out. This observation is the same as that observed in section 3.3.1 and 3.3.2, where
10 mM was found to be the optimum concentration of luminol and the same trend was
observed, where there was an increase in the CL signal until an optimum was observed

followed by a decrease in intensity.
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Figure 5.8: Calibration curves showing the effect of hydrogen peroxide concentration when the
concentration of luminol was kept constant at 10 mM (pH 9) with the system catalysed by oxidised
ferrocene.
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Figure 5.8 shows how the CL intensity changes with the concentration of H20: it can be
seen that as the concentration of H2O increases between 1 and 10 mM the CL signal
increases. Between 10 and 25 mM the CL intensity decreases before levelling out between
25 and 50 mM. This trend is the same as that observed for luminol (figure 5.8) and the
hydrogen peroxide optimisation in section 3.3.2. The reasons for these trends were
outlined in chapter 3 where the reagents were being used up causing the signal to
decrease. Comparing these to the optimisation conditions within chapter 3 the same
concentrations have been found with slight differences in the actual intensity observed.
Taking the luminol concentration when cobalt (11) was the catalyst (figure 3.4) and HRP
(figure 3.6), both of these catalyst gave a CL intensity of 185 a.u. the oxidised ferrocene
however resulted in a CL intensity of 200 a.u. further enhancing the oxidised ferrocene

as an efficient CL catalyst.

Optimisation of the exposure time

It was necessary to determine the amount of time an image is taken to get the largest CL
signal, therefore the CL was measured over various exposure times ranging from 50
seconds to 800 seconds. Figure 5.9 shows the difference in the CL signal observed as the

exposure time changes.
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Figure 5.9: Graph showing the optimisation of exposure time where a mixture of 10 mM luminol
and 10 mM H20: was measured, whereby 200 seconds was found to be the optimum exposure time.
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From figure 5.9 an exposure time of 200 seconds was viewed to give the highest light
intensity, which was an ideal time frame for our aims, with the development of a point-
of-care device where the analysis needed to be as quick as possible. After the 200 second
time period the light signal decreases this is due to the chemical reaction having taken
place and concluded while an image is still being taken. All experiments therefore used a

200 second exposure time.

5.3.2 CL immunoassay of progesterone and oestriol on the ITO electrode

Progesterone concentrations varying from 0.1 ng mL?* up to 10 ng mL* were
investigated; as these cover the required calibration range for a sample of saliva (section
1.3.1). Each concentration was incubated at incubation times of 15 minutes, 30 minutes
and 60 minutes to determine the optimum incubation time. The detection was
subsequently analysed by taking the fraction of the surface that has been blocked as
presented in section 4.4.3. This was interpreted to measure the fractional surface blockage

(equation 5.1). 2%

0 =1— Safter
SBefore (5.1)

Where: 0 = the fraction of the surface blocked.

Shefore = the CL signal produced without antigen present (a.u.).

Safter = the amount of light that could be produced if the surface was not blocked
by the antigen (a.u.).
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The equation operates by determining the vacant adsorption sites therefore if no antigen
has adsorbed to the surface then Spefore = Satter. Which would equal 1. Subtract this value
from 1 can allow us to see the fraction of those vacant sites that have been filled by the
antigen. If all sites were filled then the signal after incubation would be 0 and therefore
theta would be 1. Figure 5.10a shows this measurement as a function of the incubation
time. With figure 5.10b showing the same graph plotted as a calibration as a function of

the concentration.

a) 0.6 -
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y = 0.0807x + 038352
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Figure 5.10: (a) How the antigen surface coverage (0) changes based on various incubation times
and for various concentrations of progesterone. (b) Calibration curves of surface coverage of
progesterone at various incubation times. (n=5).
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The error bars were calculated by taking the standard deviations of the 0 values obtained
across the five repeats. Figure 5.10a shows the Langmuir-looking plot seen in the previous
chapter, with an initial sharp increase in 0 until a point where the value tails off. With the
1 and 10 ng mL* standards giving a clear indication that after 30 minutes incubation the
system is approaching equilibrium. However for all concentrations after a minute or two
there is a sharp rise in 0. This is not unexpected if you consider that the binding
equilibrium constant for progesterone (Kassociation) i 4 X 10° L mol (value obtained from
the data sheet supplied by AbCam) resulting in a Kaissociation Of 2.5 X 10" mol L™ this is
the inverse of the association constant. The equilibrium strongly favours the anti-
progesterone : progesterone complex rather than the progesterone and anti-progesterone
separately; which explains the initial sharp rise in theta. However as only a limited amount
of sample was used there will be a point where the majority of progesterone within the
sample has bound to the antibody and equilibrium is met. Resulting in the theta value

stabilising over an increased incubation time.

To show this further figure 5.10b shows a calibration where the surface coverage (0) is
plotted as a function of the concentration and after a 30 minute incubation period. A good
correlation of data (R?=0.9975) is observed, taking this plot, the LOD is determined to
be 2.35 pg mL "t which was calculated by taking three times the standard deviation of the
blank signal across the antibody immobilisation on three different electrodes added to
average of these signals, (3Sp + average background signal).?** Having successfully
developed a reproducible method for progesterone quantification oestriol was now

investigated in an attempt to develop the overall system to meet the aims of this thesis.

Figure 5.11 shows the same calibration plot but for oestriol.
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Figure 5.11: (a) How the surface coverage (0) changes based on various incubation times and for
various concentrations of oestriol. (b) Calibration curves of surface coverage of oestriol at various
incubation times. (n=5).
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Figure 5.11a shows the same diagram as in figure 5.10a where the surface coverage is
plotted as a function of the incubation time. In the same fashion as observed in figure
5.10a where there is an initial sharp increase in theta as the oestriol binds to the antibody
until a point where equilibrium is met and theta therefore tails off. Through a calibration
plot the LOD can be calculated as well as coming to a conclusion as to the optimum

incubation time to give reliable results for oestriol.

Taking the incubation of 30 minutes where there was the strongest correlation of data

(R?=0.9989), the LOD can be calculated to be 2.54 pg mL™.

From figures 5.10b and 5.11b a 30 minute incubation time gives a good reproducible
correlation of data, with a time frame that is ideal for a POC device giving a total analysis
time of 45 minutes from giving the sample to obtaining a final result; well within the

required concentration ranges of both hormones as well.

The optimum incubation time of 30 minutes was not unexpected as this was the same as
the electrochemical immunoassay. Like the electrochemical approach 15 minute
incubations could be used for progesterone, however as figure 5.10b shows after 15
minutes the trend was not linear for oestriol and therefore it would not be appropriate to

use this time scale.
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Interference studies

An interference study was carried out to identify whether any compounds found in saliva
may interfere with the analysis. This is a result of some molecules having similar
structures and therefore could interact with the antibodies in a similar fashion.*
Oestradiol and Oestrone are the two other key hormones within the oestrogen group and
was analysed as a potential interference to anti-oestriol, testosterone and vitamin D3 as
potential anti-progesterone interferences. Typical levels found in women do not exceed
20 ng mL?, with levels typically found <0.5 ng mL* the concentrations may rise with

some medical conditions.'® 219211 Taple 5.1 shows the structure of each molecule.

Molecule Structure

Oestradiol

Oestrone

Testosterone

Vitamin D3

" o\\\\\\\\

Table 5.1: structures of the different potential interference molecules.
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For each interfering molecule a 30 minute incubation time was used to coincide with the

optimum conditions for progesterone and oestriol monitoring.

a)

0.5 A
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Oestradiol Oestrone  Testosterone Vitamin D3 Progesterone

(b) 0.6
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Oestradiol Oestrone Testosterone Vitamin D3 oestriol

T

Figure 5.12: Specificity of ferrocene-tagged antibody CL immunoassay the results are based on a 30
minute incubation time and a 20 ng mL™ concentration; where a) represents interference with
respect to anti-progesterone antibodies and b) anti-oestriol antibodies.

Figure 5.12a shows in interaction of the different molecules with the anti-progesterone
antibodies, the oestradiol, oestrone and testosterone have very little interference (6 ~ 0.02-
0.05) with the measurements. Vitamin D3 however does have a minor interaction with
the antibody (6 = 0.08), vitamin D3 does have a similar structure except the backbone
seen with steroidal molecules is not closed this interaction however is very small and

would not hugely impact on any analysis.
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Figure 5.12b shows the interaction of these molecules with anti-oestriol, as expected the
testosterone and the vitamin had very little interaction with the antibodies (6=0.02 - 0.05),
the oestradiol and oestrone had a larger affect (6 =0.06 and 0.09). These two molecules
are part of the oestrogen group and therefore have very similar structures to oestriol, with
oestradiol containing a second alcohol group and oestrone containing a ketone, therefore
these molecules will interact with their corresponding antibody in a similar as oestriol
does resulting in the interference. Like with the anti-progesterone this interference is not
huge and would not drastically impact on any results. Remember these are based on a
concentration of 20 ng mL? which would represent a substantial increase in the
concentrations found naturally the system therefore shows good selectivity towards the
target analyte this allows accurate determination for clinicians without the risk of false

results due to interferences.

5.3.3 Progesterone and oestriol immunoassay using the macroflow device

Optimisation of the macroflow system

Figure 5.13 shows an image within the macroflow device itself of the spots, the antibodies
was prepared in the same manner as previously described. The flow cell had a total

volume of 549 pL.

Figure 5.13: Photograph showing the CL emission from the macroflow system, where a flow rate of
1 mL min-1 was used and a hydrogen peroxide (10 mM) and luminol (10 mM, pH 10) with the left-
hand spot representing anti-oestriol and the right-hand spot representing anti-progesterone.
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Figure 5.13 shows the CL response from the integrated macroflow device, from the image
the flow is from right to left. Upon contact with the first spot a bright light was observed
which transferred across to the second spot, where the emission continues, this could be
due to an emission tail that can be seen through a flow system, this is a consequence of
the excited species relaxing while flow is continuing.?™® This is a problem ensuring the
light emission is isolated to the spots themselves and not elsewhere. This tail could be
controlled by the flow rate as well as by separating the spots further apart so that the

emission from the first spot does not interfere with the second.

The intensity of light for each individual area was similar (190 £10 a.u and 185 £ 13 a.u),
this means that the resistivity issues across the electrode as discussed in chapter 4 does
not affect the CL signals observed. The optimum flow rate was investigated for the two
spots individually and the CL measured. The exposure time was 200 seconds and the

luminol and hydrogen peroxide concentrations were 10 mM each as used previously.
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Figure 5.14: Effect of flow rate on the chemiluminescence intensity for a) spot 1 and b) spot 2.

Figures 5.14a and b shows how the flow rate affects the CL intensity observed for both

spots on the ITO surface. As the flow increases the CL intensity increases.

As expected the CL intensity increases with flow rate in the same way observed by Marle
and Greenway,?!® where the CL signal increased with flow rate, however due to the risk
of an emission tail which was previously observed the flow rate was kept at 2 mL min™,
An emission tail was seen at the 2.5 mL min flow rate which explains the large error bar
at this flow rate within figure 5.14 b. Therefore all further experiments are carried out at
2 mL min this is due to the fast kinetics of the luminol and hydrogen peroxide reaction

described in section 1.8.
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CL immunoassay within the flow cell

Using the optimum parameters an immunoassay for the detection of progesterone and
oestriol was conducted where the standard solution in saliva was pumped into the cell

until the cell was full and left to incubate for various time periods as for the static system

(section 5.3.2).
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Figure 5.15: (a) How the antigen surface coverage changes based on various incubation times and
for various concentrations of progesterone. (b) Calibration curves of surface coverage of
progesterone at various incubation times. (n=5).
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Figure 5.15 (a) represents the surface coverage of progesterone on the electrode surface
from the figure there is a sharp increase in theta as the time increases, the theta value then
levels out as the incubation time increases up until a point where it begins to tail off. (b)
illustrates a calibration curve at each incubation time showing how theta changes with

concentration.
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Figure 5.16: (a) How the surface coverage changes based on various incubation times and for
various concentrations of oestriol. (b) Calibration curves of surface coverage of oestriol at various
incubation times. (n=5).
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Figure 5.16 presents the same Langmuir-looking relationship for oestriol with 5.16a
showing an increase in theta as the incubation time increases for the various
concentrations of oestriol, through plotting this as a calibration curve (figure 5.16b) a

clear linear trend was observed at each incubation period.

From the calibration curves, a 30 minute incubation gave the optimum results for both
analytes from the results reducing the incubation time would not be possible due to the
poor linear trend observed after 15 minutes for progesterone. 30 minutes was found to be
the optimum incubation time using this flow system as well as with the static system. The
LODs for progesterone and oestriol were calculated to be: 56.6 pg mL™ and 26.9 pg mL
! for progesterone and oestriol respectively. These LODs are an order of magnitude larger
than those from the static system, the reason for this could be due to the volume of sample
within the cell which is significantly larger than the volumes used on the static system.
These results are comparable to those obtained in chapter 3 for progesterone where a LOD

of 33 pg mL* was determined.

5.3.4 Integrated microfluidic device

Having obtained decent results using the larger flow cell a device needed designing that
consisted of smaller volumes in an attempt to improve the sensitivity. With this in mind
a device was designed with the capability to simply slot the modified ITO electrode, into
the device (figure 2.4). The initial device designed consisted of two channels of different
widths to try and determine if volume was the reason that the sensitivity suffered
previously. Although ideally the system would be automated and the CL reagents would
be mixed on chip, it has been proven in figure 3.21 and figure 3.24 that it is possible to
the get the light on the device. Having shown this all was required to start with was a
proof that CL can occur from the antibodies themselves therefore the CL reagents were
premixed and pumped into the device. The tubing was then glued into place with luminol

and hydrogen peroxide mixture flowed through the system at 100 pL min™, once the
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reaction chamber was full with luminol and hydrogen peroxide a CL image was taken.

Initially no signal was observed, this was investigated further.
Comparing CL signal off and on chip

Prior to slotting the electrode into the device a CL image was taken, this was a control to
enable us to see whether the reaction would work. After this the electrode was slotted into
the device and the CL image repeated using the same flow parameters. The electrode was

then removed and another CL image taken. Figure 5.17 shows these CL images:

(a)

6 mm

(b)

5 mm
-

(c)

6 mm

Figure 5.17: CL images of a) ITO electrode before slotting into the chip, b) inside the microfluidic
device and c) after removing from the microfluidic device after expose to H.O2 and luminol.
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Figure 5.17a shows the ITO electrode straight after ferrocene oxidation and two signals
can be seen from the individual areas. Figure 5.17b is the ITO modified electrode slotted
into the microfluidic device, no CL signal was seen after excessive exposure to luminol
and hydrogen peroxide. Figure 3.17c is the same ITO electrode removed from the

microfluidic device with a repeat CL measurement.

From the figure there was clearly an issue when slotting the electrode into the microfluidic
device. It can be seen from the final image because the signal observed is substantially
lower than prior to insertion into the microfluidic chip. This investigation was conducted

in the larger of the two chambers of the device shown in figure 2.4.

This issue could be attributed to the fact the top and base plates of the chip are bound
together through double-sided sellotape resulting in some of the tape leaching into the
area where the electrode is placed. Causing difficulty in the insertion and damaging the

surface of the electrode.

This was repeated, however with the area where the electrode is inserted and the tape cut

away. Unfortunately this resulted in the same outcome.
5.4 Conclusion to CL Investigation on an Electrochemical Immobilisation Platform

Having developed a robust protocol for antibody immobilisation through an
electrochemical approach, where the antibodies are orientated in the ideal way and

quantified on the ITO surface, this chapter focused on translating this into a POC system.

The use of the static ferrocene moieties tagged to the antibodies immobilised on the ITO
electrode was investigated as a route to carry out CL analysis. A CL immunoassay was
successfully developed by this method. LODs of 2.35 pg mL™ for progesterone and 2.54
pg mL™ for oestriol were obtained this is well below the lower limit necessary for

progesterone in saliva which is 31 pg mL™ and oestriol which is between 0 and 5 ng mL"
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!, The LOD for progesterone was comparable to that obtained using the electrochemical
method (chapter 4) where a LOD of 1.7 pg mL™ was calculated and significantly better

than that obtained in chapter 3 where a LOD of 33 pg mL™ was calculated.

Potential interferences were looked at and from the results the process developed was
selective to the required analyte, with a slight interference from oestradiol and oestrone
with the anti-oestriol antibodies which was not surprising as they are very similar

molecules.

Following the success of the static method the electrode was incorporated into a
macrofluidic device. This device unfortunately required larger amounts of reagents;
despite this the device was a success with reasonable LODs which were an order of
magnitude larger than that seen on the ITO itself. The reasons for this discrepancy could
be due to the measurements under flow conditions and the volumes within the cell. To try
and solve this a microfluidic device was designed where the electrode could simply be

slotted into.

Slotting the electrode into a device would be ideal for clinicians as they can carry out
analysis quickly and easily. Unfortunately however transferring this onto a microfluidic
based system was not successful, having looked at the ITO electrode before and after
analysis on the device there was clearly an issue. This could be due to damage during the
slotting process which is an area that would have been investigated except time restraints

did not allow this.

However the static system worked very well and would still be very simple as a POC
device, it was not automated but simply pipetting reagents onto electrode and placed
under a camera a result can be obtained quickly and accurately for both progesterone and

oestriol while requiring minimal volumes of reagents.
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Chapter 6 Conclusions & Future Work

This thesis describes the development of novel heterogeneous immunoassays as a route
to quantify the concentrations of progesterone and oestriol in saliva samples the
concentration range for progesterone is <31 pg mL™ to >100 pg mL™, for oestriol the
concentration ranges from 0 — 5 ng mL™® 3! This was achieved using CL and

electrochemical detection methods.

Clinicians require a simple, automated, rapid and cost effective system to carry out
medical diagnoses, with this in mind POC devices are ideal to meet these requirements.
To monitor progesterone and oestriol in saliva the methods needed to be sensitive.
Chapter 1 describes the various ways this could be achieved. Immunoassays were selected
due to the strong antibody/antigen interaction, this would enable the sensitivities and
selectivity to be reached. Heterogeneous immunoassays relies on the antibody being
immobilised onto a solid surface, this technique provides the ability to spatial isolate

individual antibodies as well as improving the sensitivity and selectivity of the system.

For a successful immunoassay protocol the detection method of choice was of great
importance, different methods will result in different LODs and instrumental
requirements. For POC this needed to be sensitive with simple instrumentation. Therefore
chemiluminescence was chosen as the primary detection method due to the sensitivities
that can be achieved as well as the simple instrumentation where only a camera and a
dark environment is required. Electrochemical detection was also investigated due to the
sensitives that can also be achieved and the robustness of the antibody immobilisation

protocol.
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For a heterogeneous immunoassay the solid substrate of choice is important, in chapter 1
various different solid substrates were compared as well as the chemical processes
required to immobilise the antibodies onto the surfaces. CL detection requires this surface
needs to be transparent so that the light can be detected and analysed, concluding that
glass and plastic were the ideal substrates to take forward for CL detection, these
substrates also had the benefit of being widely utilised and investigated with different

possible immobilisation routes.

Chapter 2 described the way in which a POC device can be engineered, initially a design
was created based on microfluidic properties outlined in chapter 1; within this design
channels were included that allowed sufficient mixing of reagents, as well as a channel to

spot the antibodies, this design was fabricated in glass and plastic.

Subsequent designs then involved the incorporation of a transparent ITO electrode into a
microfluidic device, this was achieved by slotting the electrode into the device after the
electrochemical processes had taken places removing the need of other electrode

materials.

Direct CL detection through the use of glass and plastic devices

Chapter 3 described a direct microfluidic approach with CL detection; where anti-
progesterone antibodies were immobilised onto glass and plastic surfaces. Two glass
surface modification methods were studied where the surface was silanised with APTES
and GPTS. The GPTS approach did not work despite being reported as a route for
immobilising antibodies onto glass surfaces; this was likely due to the orientation of the
antibody. The epoxide group binds through the amine found primarily on the paratope
this would inhibit the interaction of the antibody with a sample. APTES gave better results
and was used in combination with two different linker’s glutaraldehyde and EDC/sulfo-
NHS. The glutaraldehyde proved to be unsuccessful giving irreproducible results. The
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problem has been reported in the literature where batch to batch differences and the
molecules ability to self-polymerise affecting its performance. The use of EDC/sulfo-
NHS as a linker did prove successful for the immobilisation of anti-progesterone onto
glass slides. Through this approach a LOD of 33 +3 pg mL™ was determined which was
better than or comparable to methods quoted in the literature for progesterone
quantification. This value also represents the lowest concentration found in saliva samples

within error.

The antibody immobilisation process used on the glass slides was then transferred onto
the microfluidic device. It however proved difficult to generate positive and reproducible
data; this could be due to a number of reasons for example the requirement to bond the
two plates together after immobilisation. Polymer microfluidic devices were then

investigated as an alternative.

The use of plastic substrates enable the development of systems that are disposable, cheap
and easily fabricated in bulk which would not be possible with the glass devices. PMMA
was the plastic of choice due to the presence of the methacrylate groups which can be
modified to form other functional groups. 2 alternative methods were investigated as
routes to modify the polymer surface. The first method was to use LiAlH4 to reduce the
ester groups to the alcohol groups this route was attempted to prove a similar
immobilisation route as the one used on glass. This however resulted in a damaging of
the surface in a way that the plastic was no longer transparent. A second method was
therefore attempted which involved hydrolysing the ester groups to the carboxylic acid.
This was somewhat successful however serious reproducibility problems resulted in no

useful measurements being obtained.
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Overall a CL immunoassay for progesterone on glass slides had been carried out, however
reproducibility issues and the inability to quantify the concentration of the antibody on

the surface resulted in the need to develop a fresh immobilisation protocol.
Electrochemical immunoassay of progesterone

To overcome the problems encountered through the direct immobilisation and CL
detection on glass and plastic substrates; a previously successful electrochemical
immobilisation and detection platform® was investigated as a route for progesterone
quantification. Three different electrode materials were investigated; gold which has been
used previously, glassy carbon and ITO due to its transparent properties indicating it
could be incorporated with CL. Carrying out an electrochemical immobilisation protocol

enabled the possibility to quantify the antibody concentration on the surface.

The electrode surfaces were modified through the reduction of nitrobenzenediazonium
tetrafluoroborate. With nitrobenzene immobilised on the surface the nitro moieties were
then reduced to the corresponding amine. As well as this the anti-progesterone antibodies
were modified to contain ferrocene tags which are redox active. Through UV-Vis
spectroscopy the average number of ferrocene tags per antibody was determined to be ~
13 from this the concentration of antibodies on the surface was calculated and this was
found to be 4.46 x10”" mol m™. The antibodies were immobilised onto the surface through

the use of EDC and sulfo-NHS.

The electrode surfaces were characterised to confirm the surface confinement of the
ferrocene-tagged anti-progesterone which was carried out using cyclic voltammetry at
various scan rates, with the peak current plotted as a function of the scan rate. All three

systems showed a linear response confirming the redox species is surface confined.
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Although the Au and ITO were hardly affected by the scan rate, the GC electrode was
affected by higher scan rates indicating the electrode kinetics on the GC was slower than

on the other surfaces.

The progesterone immunoassay was carried out on all three electrode surfaces resulting
in calibration ranges within the required clinical range for progesterone, with ITO an
order of magnitude more sensitive than the other substrates. ITO gave a linear range
between 100 fg mL™? rising to 1 pg mL?, whereas the Au and GC electrodes had a linear
range between 1 pg mL? and 1 ug mL™. ITO resulted as the optimum material to carry
out a progesterone immunoassay. The improved sensitivity compared to the work in
chapter 3 was due to the rigid structure the ferrocene tagged antibodies have when
immobilised on the surface this was due to the ferrocenes being primarily found at the
paratope of the antibody, resulting in a better orientation therefore improving the
sensitivity. The success of the ITO compared to the other electrode materials also was

due to the surface being flat with a fractal dimension tending to 2.

Having concluded that ITO was the optimum substrate; the system as a whole was
investigated further. With the aim of developing a POC device the incubation time needed
optimising so that the system works within the shortest possible time frame. Various
incubation times were investigated 15, 30, 60, 90 and 120 minutes. After 15 minutes a
clear signal change was observed and therefore this time frame could be used however
30 minutes was the optimum, at this time the antibody/antigen interaction approached

equilibrium.

A calibration was then obtained in a saliva matrix using the optimum conditions to carry
out the immunoassay. Using the saliva matrix a LOD of 1.7 pg mL™ was calculated this
was an order of magnitude larger than the 100 fg mL™ observed when the progesterone

was in PBS. The saliva matrix itself was the reason for this variation. The LOD was
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however still well below the required clinical limit for progesterone; this sensitivity was

also an order of magnitude lower than the 33 pg mL™* obtained on glass.

Within this work a reproducible immobilisation protocol has been developed where the
number of antibodies on the surface had been quantified. Tagging ferrocene to the anti-
progesterone enabled a rigid structure on the surface after immobilisation, this structure
was such that the antibody was in the desired orientation to have complete interaction
with a sample this aids the sensitivity as antibody binding sites are not lost due to

undesirable antibody orientation.
Chemiluminescence immunoassay using an integrated functional device

Although the electrochemical immunoassay was successfully developed, translating this
onto a microfluidic system would be difficult due to the need to incorporate a reference,
a counter electrode and the ITO electrode. With this in mind and not wanting to lose the
successful immobilisation protocol, the use of ferrocene to catalyse the luminol and
hydrogen peroxide reaction had been previously reported.?®® This allowed the
development of a system where only the ITO needed incorporating into the device. The
use of ferrocene as a catalyst for a CL immunoassay is novel and is substantially cheaper
than the more commonly used HRP. On the ITO surface circular adhesives with holes
were used to enable the isolation of ferrocene tagged anti-progesterone and ferrocene
tagged anti-oestriol antibodies. The ferrocene tagged antibodies were immobilised onto
the ITO electrode using the same electrochemical procedure as previously described. A
calibration on the ITO surface with artificial saliva for both progesterone and oestriol was
obtained, this also involved an investigation into the required incubation time. Within an
optimum 30 minute time frame, LODs of 2.35 pg mL™ for progesterone and 2.54 pg mL"
! for oestriol were obtained well below the required clinical limits. These LODs were

comparable to those obtained in chapter 4 when using the electrochemical detection
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where a LOD of 1.7 pg mL™* was obtained for progesterone in saliva and an order of
magnitude lower than the CL study outlined in chapter 3. This method removes the need

for a potentiostat and multiple electrodes. Also proving a new novel CL immunoassay.

Having shown that progesterone and oestriol could both be monitored in a static system
using a CL immunoassay, the development of an integrated flow system began with the
design of a macroflow based system. The flow cell was to enable greater autonomy when
carrying out the analysis. The modified electrode was incorporated into the device where
the experiments were repeated. Through this route again a sensitive calibration for
progesterone and oestriol in saliva was determined within 30 minutes, with LODs of 56.6
pg mL* and 26.9 pg mL™ for progesterone and oestriol respectively. These were an order
of magnitude larger than those obtained using the static system which could have been
due to the volumes inside the flow cell. Despite this it gave great promise as a route to

incorporate onto a microfluidic based system.

A microfluidic device that can incorporate an ITO electrode had been designed, the
electrode that had been pre-prepared could be slotted straight into the device enabling
easy use for clinicians. Experimentally however this proved to be very difficult for many
different reasons, some of which are not necessarily clear, it was observed that an
electrode that had resulted in a CL signal immediately before being integrated into the
microfluidic device was unable to replicate this. There was a possibility that the electrode
was damaged as it was slotted into to the microfluidic device. This was concluded based
on the CL images that were taken after the electrode had been removed from the
microfluidic device, the CL intensity was substantially lower than prior to insertion into
the microfluidic device. Unfortunately due to time restraints further investigation was not

possible however there was scope to take the system further with fresh designs.
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Through this work the successful development of a robust immobilisation protocol has
been developed. This protocol is very reliable and reproducible due to the ferrocenes on
the antibody aiding the orientation as these are situated on the paratope region of the
antibody. An electrochemical method has been developed which quantifies progesterone
concentrations in a saliva sample within the clinical range in 20 minutes. This was
followed on where the ferrocene in its oxidised state was used as a catalyst for the CL
reaction of luminol and hydrogen peroxide. The static system gave LODs that are
substantially lower than the requirement for progesterone and oestriol in saliva. The
electrode was then incorporated into a flow device where LODs were an order of
magnitude higher than the static system, both systems provided results within the clinical

range within 40 minutes.

The development of this CL method is new and novel and removes the need to use the
expensive HRP catalyst and a complicated device. All the systems operate within a short
time frame where the electrochemical sensor can operate within 20 minutes and the CL
systems within 40 minutes. The static ITO system could be utilised as a POC device as
the system is simple where only adding reagents to the individual areas was required. This
method would therefore allow patients to obtain rapid results at a doctor’s surgery or
hospital. Fertility and pregnancy biomarkers were looked at in this thesis, however this

method could be extended to any process where antibodies could be used.
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Future work

Future work would consist of developing more appropriate designs for microfluidic
devices that could incorporate the ITO electrode as well as giving the CL signal desired.

One such design is shown in figure 6.1:

Figure 6.1: Potential design for an integrated microfluidic device.

The device would operate by placing the modified electrode into a central chamber after
which the plate with the channels would need to be sealed. With a long and linear channel
this could replicate the design of the macroflow device but reducing the volume of the

device.

Further work would then continue to look at incorporating a calibration channel to give a
comparison of the light signals more accurately and potentially increase the sensitivity of

the system as a whole.
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