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Abstract

The modification of basic sensor platforms, incorporating specially designed materials,
enhances the capacity for the development of new and improved biosensors. Novel
transduction strategies employ surface modification technologies as a key element in the
detection of biologically important molecules. These modifications can be chemical,
electrochemical or physical. Surface modification of polymer substrates for biochip
applications, thin-film deposition of biocompaiible surfaces for implants and
electropolymerisation of electrodes for immunoassay development are the basis of much of
the research described in this thesis. A number of immunosensing methods were investigated
for the generation of improved biosensors for the detection of small haptens, proteins and
whole cells. These mcluded fluorescence, chemiluminescence and impedance-based
detection systems. Microtitre plates, polymer chips, fluorescence-enhancement chips and
screen-printed electrodes were all examined. The specific targets chosen were Internalin B
(IniB), an mvasion-associated protein of Listeria monocytogenes, parvovirus B19, the first

human parvovirus and warfarin, the ninth most prescribed drug in the world.

A panel of antibodies and antibody fragments directed against InlB (previously produced)
was used for the development of fluorescence and impedance-based assays. A recombinant
form of the InlB protein was cloned, expressed in E.coli and purified by immobilised metal
affinity chromatography (IMAC). An epitope mapping study of InlB was also performed,
whereby the recombinant protein was portioned into three fragments to establish the relative
location of antibody-binding epitopes on its structure. The Listeria monocytogenes-derived
proteins, peptides and anubodies were characterised using plate-based methods and
subsequently used for the development of immunoassays using novel fluorescent labels and
an impedimetric sensor. The recombinant InlB-derived peptides were also cloned mio the
pAC 4 vector for in vivo biotinylation, expressed in E. coli and purified using a monomeric
streptavidin atfinity column. The in vivo biotinylated fragments were characterised using

SDS-PAGE, Western blotting, immunoassay and Biacore™ (Chapter 3)
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Quantum dots and phosphorescent porphyrins were used as labels in the generation of solid-
phase immunoassays. Fluorescence-based 1mmuncassays using functionalised dye-doped
nanoparticles were also developed. These doped particles were conjugated to specific
antibodies and proteins using various surface modification techniques. The optimisation of
solid-phase fluorescence-based immunocassays, incorporating labelled antibody-nanoparticle
conjugates, for the detection of hlgG was investigated. A number of plate-based assay
formats for the detection of parvovirus B19 was also investigated, in conjunction with an
industrial partner; Biotrin International Ltd. Enzyme, chemiluminescence and fluorescence-
based detection strategies were employed. A series of immobilisation studies was performed

to study biomolecule attachment onto cone platforms for detection. (Chapter 4)

Platform technologies using carbon screen-printed electrodes and ultra-thin polymer coatings
for antibody-based biosensors were also examined. Antibodies directed against InlB were
depostied onto electrodes within conducting polyaniline (PANI) films to produce conductive
affinity matrices with clearly defined binding characteristics. The binding of specific
antibodies to their target molecules was monitored via electrical impedance spectroscopy
(EIS), as the films function as labelfree reversible immuno-biosensors, when interrogated

with a pulsed potential waveform (Chapter 5).

Finally, the thin-film deposition of biocompatible surfaces for unplants was also studied. The
adhesion of thin-films to 316L stainless steel substrates was investigated. These films were
prepared by  plasma-enhanced chemical vapour deposition (PECVD) of
hexamethyldisiloxane (HMDSO) and oxygen mixtures. The film properties were found to be
dependent on the Oxygen/HMDSO flow ratio and RF (radio frequency) power.
Biocompatibility studies were carried out using rat aortic smooth muscle (RASM) cells. Cell
proliferation, viability and toxicity were assessed using commercial kits and scanming
electron microscopy (SEM) was performed on substrates post incubation in culture to

meonitor the biocompatibility effects of the films (Appendix).
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1.0 General Overview

The binding between an antigen and its homologous antibody, in order to identify the
specific antigen or antibody in a complex sample, is the basic principle of
immunoassay (Roitt, 1994). Immunochemical techniques capitalise upon the extreme
specificity, at the molecular level, of each antibody for its antigen, even in the
presence of high levels of contaminating molecules. The selectivity of an
immunoassay is based on the innate selectivity of the antibody-antigen reaction and
its sensitivity is determined by the detection limit of the label and the affinity of the
specific antibody (Van Emon ef al., 1989). The multivalency of most antigens and
antibodies enables them to interact to form a precipitate. Antibodies and antibody
fragments are used in a wide variety of experimental applications for immunoassay,
imaging and immunotherapy (Lefranc and Lefranc, 1990). Immunosensing techniques
are useful for the detection of biologically important analytes and have wide ranging
applications in clinical diagnostics (Luppa et al., 2001; Vo-Dinh ef al., 2001; Glockler
and Angenendt, 2003). The main advantages of these systems are the provision of
accurate, rapid, reproducible results with little sample pre-treatment 1n a number of
biological matrices, such as serum, plasma, urine or cerebrospinal fluid (Aizawa,
1994). Low imprecision, small lot-to-lot variations, high analytical sensitivity and

long calibration stability are just some of the advantages of modern immunosensors.

This thesis describes the use of novel antibody-based detection strategies for the
immunosensing of haptens, proteins and whole cells, using both novel {luorescence-
based and impedance-based methods. The specificity of antigens to recognise thewr
corresponding antibody and form a stable complex is the basis of both the analytical
immunoassay in solution and the immunosensor on solid-state interfaces (Luppa et
al, 2001). Tndeed, the specificity for the measurement of analytes in all
immunosensing systems, as in the case of immunoassays, i dependent on the
application of binding molecules (Ekins, 1999) and their corresponding antigens.

With tius in mind a general overview of antibody and antigens and their role in the

development of novel antibody-based biosensors is presented.



1.1 Antibody structure & function

An antibody is a glycoprotein molecule used by the immune system to identify and
destroy foreign objects like bacteria and viruses (Janeway et al., 1999). Each antibody
recognises a unique, specific antigen as its target (Killard e al, 1995). Antibodies
exast as one or more copies of a Y-shaped unit, composed of four polypeptide chains.
Each Y contains two identical copies of a heavy chain, and two identical copies of a
light chain, named as such by their relative molecular weights. Antibodies can be
divided into five classes: IgG, IgM, IgA, gD and IgE, based on the number of Y umnits
and the type of heavy chain. Heavy chains of IgG, IgM, IgA, IgD, and IgE, are known
as gamma, mu, alpha, delta, and epsilon, respectively. The light chams of any
antibody can be classified as either a kappa or lambda type (based on small
polypeptide structural differences); however, the heavy chain determines the subclass
of each antibody. Although antibodies can vary in structure, they are generally
typified by the immunoglobulin G (IgG) molecule, the most abundant subclass found
in the serum of mammals (Stapleton ef al., 2004).

The basic four-polypeptide chain structure of an immunoglobulin G (IgG) molecole and
the various associated IgG antibody fragments, which may be generated through genetic,
enzymatic or chemical manipulations, is shown in Figure 1.1. It consists of two identical
heavy chains and two idenfical light chans, which are held together by a number of
disulphide bonds. The antibody chains can be further divided into constant (C} and
variable (V) regions based on their amino acid vanability. The variable regions, which
are located at the N-terminal portions of both the heavy and light chains, form the
antigen-binding fragment (Fab). Within this region there are areas of hyper
variability, referred to as the hypervariable loops or the complementarity determining
regions (CDRs), which are pnmarily mvolved in antigen binding (Branden and
Tooze, 1991) 1t 1s the variation in the ammo acid sequence of the CDRs that allows
for the generation of a multitude of different antibodies with different binding
specificities. The remainder of the variable heavy and light domains exhibit far less
variation and these stretches are known as the framework regions (FRs). The
crystallisable fragment (Fc) of the antibody 1s mvolved in binding surface receptors
and plays a number of 1mportant physiological roles in immunological responses. This
Fc portion 1s linked to the two Fab domains by a hinge region, which provides
flexibility, allowing binding sites on each Fab arm to work independently of each

other.
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Figure 1.1 Diagrammatic representation of an immunoglobulin G (IgG) molecule
and the various IgG antibody fragments, which may be generated through genetic,
enzymatic or chemical manipulations. The IgG molecule (A) consists of two identical
heavy chains and two identical x or A light chains and has a molecular weight of 150-
160 kDa. The light chains comprise a variable (Vi) and constant (Cr) domain. The
heavy chain consists of one variable (Vg) and three constant (Cgl, Cy2 and Cy3)
domains with a hinge region connecting the Cyl and Cg2 regions. The heavy and
light chains are connected via disulphide bonds; disulphide bonds are also present in
the constant and variable regions. The CDRs within the variable domains confer
antigenic specificity and contain considerable amino acid sequence variation. The
F(ab'); (B) consists of two antigen binding fragments linked at the hinge regions, with
the Fab fragment (C) consisting of one antigen binding domain and the Fd (D)
comprising one Vy and one Cy domain. The Fv fragment (E) consists of one Vy and
one Vi which, following stabilisation by a synthetic linker, results in the formation of
the scFv fragment (F). The CDR (G) represents the smallest antibody fragment
capable of antigen binding.



IgG can be cleaved into three parts ie. two F(ab) regions and one Fc, by the
proteolytic enzyme papain or 1to two parts, one F(ab’)2 and one Fc by the proteolytic
enzyme pepsin (Yamaguchi er al,, 1995). The number of F(ab) regions on the
antibody, corresponds with its subclass, and determines the "valency” of the antibody
loosely stated, the number of "arms" with which the antibody may bind its antigen
(Benjamini et al., 2000) The lower part of the antibody comprises the Fe fragment,
which binds to Fc receptors (Jain et al., 2007). It is not needed for antigen binding,
but for the physiological activity of the antibody. This part is glycosylated (in the Cu2
domains), and this glycosylation is important for maintaining the structure and, thus,
activity. The highly specific mteraction between an antibody and its respective
antigen is mainly due to non-covalent forces such as hydrogen bonds. In addition o
hydrogen bonds, other weak interactions such as van der Waals forces, hydrophobic
interactions and electrostatic forces improve the binding specificity between antibody
and antigen. These ianteractions occur over large and sometimes discontinuous regions
of the molecules, improving binding affinity. Avidity is a measure of the overall
stability of the antibody-antigen complex. It is controlled by three major factors - the
affinity of the antibody for the epitope, the valency of the antigen and antibody, and
the structural arrangement of the interacting parts, These characteristics can be altered
using antibody engineering techniques to improve the binding capacity and specificity
of the antibodies (Chowdhury and W, 2005).

Various antibody fragments, including the Fab, Fv and scFv, can be produced using
recombinant DNA technology (McCafferty er al., 1990; Winter et al., 1994; Azzazy
and Highsmith, 2002). The Fv fragment is one of the smallest antibody fragments
required for complete antigen binding. However, a more stable version of the Fv
fragment, the single chain Fv fragment (scFv) can be produced by adding a synthetic
peptide linker to form a disulphide bridge (Young et al , 1995). Other fragments can
also be engineered with the ability to bind antigen, which include both the Fd
fragment and the CDR (Burton and Barbas, 1993).



1.2 Antigens

Antigens can be defined as molecules that contain distinct sites or epitopes that are
recognised by and interact with various components of the immune system.
Immunisation of an animal with an antigen yields monospecific antiserum while
mixtures of antigens, such as a cell or unpurified crude preparations, yield
multispecific or polyspecific antiserum (Mayer and Walker, 1987). However, not all
antigens present can be presumed to elicit the same immune response and the degree
of response to a particular antigen may differ from that to another. Generally proteins
and large molecules are capable of eliciting good immune responses with the aid of
adjuvants (immune stimulants), such as is the case with InlB, a cell surface protein of
Listeria monocytogenes. Smaller molecules, such as warfarin, with a molecular
weight of less than 5,000 Da, are often too small to elicit an immune response on their
own. They are referred to as “hapiens” and require conjugation to larger casrier
molecules to render them immunogenic. Varnous carrier proteins, such as bovine
serum albumin, ovalbumin, keyhole limpet haemocyanin or thyroglobulin, are
commonly used for thus purpose. However, other carriers composed of synthetic or
natoral polymers {e.g. dextran, poly-L-lysine), lipid bilayers or synthetic organic
molecules have also been used (Hermanson, 1996). Regardless of the type of
molecule, a carrier must be highly immunogenic, have the required solubility
properties, be non-toxic in vivo and possess suitable functional groups for coupling to

the hapten.

There are a variety of coupling chemistries available for coupling haptens to carrier
molecules (Hermanson, 1996). The choice of method is governed by the functional
groups available on both the hapten and the carrier and the desired orientation of the
hapten for presentation to the immune system. Conjugation procedures cmploying the
carbodiimide EDC (1-ethyl-3- (3-dimethyl-aminopropyl) carbodiimide hydrochloride)
are commonly used for immunogen formation, as the method is both efficient and
relatively simple. Another advantage of this cross-linking methodology is that no
bridging molecule is introduced between the hapten and carrier, thus eliminating the
potential of antibodies being generated against the coupling reagent, which could

dilute the desired antibody response against the hapten.



1.3 Antibody Production

Antibodies are produced in reaction to an immune response ¢licited by a foreign body
and can be generated in a variety of ways. It is possible to produce antibodies against
a broad range of antigens including larger molecules such as proteins, peptides and
carbohydrates or smaller molecules such as hormones and drugs (Delves, 1997).
Antibodies can be polyclonal, monoclonal or recombinant in nature. Polyclonal
antibody mixtures generally contain multiple epitope specificity and only a finite
amount of antibody can be obtained from the serum of an immunised animal.
Monoclonal antibodies on the other hand have single epitope specificity and a
potentially limitless supply. Recombinant antibodies are produced using phage
diéplay technology, whereby hapten, peptide and protein libraries can be presented on
the surface of filamentous phage and specific binders selected (Maynard and
Georgiou, 2000). Figure 1.2 shows a schematic highlighting the three main types of
antibody production.

Method

Production

Isolation

Purification

Monoclonal antibody Polyclonal antibody Recombinant antibody

fragment

Figure 1.2 Schematic showing the production, isolation and subsequent purification

of monoclonal, polyclonal and recombinant antibodies.




1.3.1 Polyclonal antibody production

Antibodies secreted in response to immunisation with a specific antigen are usuvally
polyclonal, in that a mixed population of antigen reactive B-cells is stimulated, which
recognise different epitopes on the immunogen (Mayforth, 1993). This system
produces heterogeneous antibedy populations, with a wide range of binding affinities.
Immunisation of an animal with a particular immunogen creates an immune response
that is induced against the foreign antigen. Polyclonal antiserum, containing several
antibody populations agamst the immunogen, can be recovered from the immunised
animal. Animals, such as rabbits, goats, and sheep, are generally used for polyclonal
antibody production, as they are relatively easy to handle for immunisation and
bleeding purposes. When a sufficient titre of antibody is obtained, the animal is bled
and the antibodies are purified from the serum. Polyclonal antibodies can be produced
quickly and relatively cheaply and do not require the same amount of expertise or
time as monoclonal antibody production. They can also be very specific and high
concentrations can be purified from small amounts of serum. However, polyclonal
antiserum contains a heterogeneous population of antibodies, whnch can be hard o
reproduce in subsequent imrmunisations. Unlike monoclonal antibody production, a

consistent source of antibodies cannot be generated.

1.3.2 Monoclonal antibody production

During monoclonal antibody production, however, the antibody molecule 1s derived
from a single clone of B-cells and each antibody secreted by the clone has identical
antigen binding specificity. In other words monoclonal antibodies provide single
epitope specificity and potentially limitless amounts of identical antibody.
Monoclonal antibodies are most commonly produced by employing the hybridoma
technique, first described by Kohler and Milstein in 1975. In this method,
spleenocytes (normal B cells) from an immunised animal are fused with myeloma
cells (tumour B cells) using a fusion medium such as polyethylene glycel (PEG).
Stock myeloma cell lines selected for the fusion process are specifically chosen
because they are derived from a commmon ancestor MOPC-21 known to have lost the
ability to produce IgG, so that the only antibody produced is derived from the antigen-
sensitised spleenocyte. The resultant hybrid cell is known as a hybridoma and inherits
antigen specificity from the spleenocytes and immortality from the myeloma cells,

thus creating a penmanent cell line, which secretes a homogeneous antibody of desired



specficity. Cloning is underiaken to ensure that all hybridomas are derived from a
single parent that secretes the required antibody and that non-secretors arising either
in the original fusion wells or as spontaneous variants, do not outgrow the antibody-
secreting hybnds (Hadas and Theilen, 1987). This ensures that the hybridomas secrete
antibody that is homogeneous and monospecific. Early cloning allows selection of
cells that have chromosomes for antibody production, otherwise varants not
producing IgG will overgrow. There are two common methods used to clone out
hybridomas, soft agar and limiting dilution. In soft agar the cells are plated out on a
serm-solid medium such as low agar plates and single cells produce colonies that are
further expanded, whereas limiting dilution involves seeding the cells at a known
concentration in 96 well plates. It is important to seed at very low densities to ensure
monoclonality and so growth conditions must be optimised to ensure that such low
cell densities can survive. This is achieved by the use of special media such as
Briclone. However, it is necessary to carry out several rounds of clomng before the
presence of a stable monoclonal antibody-secreting hybridoma can be assumed.
Hybridomas can become unstable over time and hence stocks of original clone moust

be maintained by cryopreservation (De Leij et al., 1983).

1.3.3 Recombinant antibody production

The use of phage display vectors for displaying polypeptides on the surface of
bacteniophage and bacteria, combined with in vifro selection technology, has changed
the way in which antibodies are generated (Dillon ez al, 2003). Recombinant
antibody technology has several advantages over conventional antibody production,
including speed, the possibility of aliering affinity and specificity and the ability to
generate novel functionalties, (Hoogenboom ez al, 1998; Soderlind er al, 1999;
Borrebaeck, 2000). The emergence of this technique has made it possible to generate
high binding affirity molecules against a number of chosen targets, resulting in
potentially limitless applications (Krebber ef al., 1997; Hayburst and Georgiou, 2001;
Cao and Lam, 2003). These targets include bacterial pathogens such as Brucella
abortus, toxins like aflatoxin, tumour markers and small haptens including drugs of
abuse, antibiotics and therapeutic drugs such as warfarin, The scFv is one of the most
commeonly used antibody fragments and recombinant scFvs with specific affinities

have also been produced and applied to the detection of iliicit drugs (Brennan ef al.,



2003; Dillon ez al., 2003) and food contaminants (Leonard, 2003; O’Kennedy et al.,
2005).

Recombinant antibodies consist of only the antigen binding domains and are produced
from immune tissue or hybridoma cell imes through the use of recombinant DNA
technology. Recombinant antibodies are maintained in bacteria and offer a stable
reproducible genetic source. Recombimant antibody technology represents a fusion of
cDNA library procedures and phage display technology to create and screen large
numbers of immunoglobulin clones (Mc Cafferty ef al., 1990; Posner ef al., 1993).
Phage display technology was first introduced by Smith (1985). This technique
allowed the expression of antibody fragments on the surface of filamentous phage as a
fusion partner to a phage coat protein. Phage particles which display the antibody
fragment of interest are subsequently selected using a method known as biopanning,
which enables the isolation of high affinity antibodies (Barbas, er al., 1991;
Hoogenboom et al., 1998). Large antibody repertoire libraries can be generated from

a variety of naive, immunised and synthetic sources.

Recombinant antibodies have aiready contributed greatly in the analytical and
diagnostic fields (Mazuet er al., 2006; Padoa and Crowther, 2006). They are
especially ideal for tumour targeting where small, rapidly-penetrating but high affinity
molecules are essential. With the development of new expression vectors it is now
also possible to express antibody fragments on a large scale, link the fragment to an
enzyme allowing direct detection or engineer a histidine (His) tag into the antibody
sequence to facilitate puriﬁca‘éion by immobilized metal affinity chromatography
(IMAC), (Brennan ef al., 2003). Recombinant antibody fragments can also be
expressed as fusion proteins coupled to reporter molecules (Casaedi er al., 1990).
These advances in amtibody engineering have had a positive influence on
immunodiagnostics in general with the creation of efficient and stable biomolecules

for use in immunosensing technology (Hock, 1997).
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1.4 Antibody Purification

Purification of antibodies is carried out to improve the functional activity of the
antibody by removing any interfering immunoglobulins or coniaminants. There are a
number of methods available for antibody purification and the choice of techmgque is
dependent on a number of factors These include the level of purity required, the
antibody class, antibody source and intended application (Roque er al, 2007).
Antibodies may be separated according to charge or size, using traditional protein
purification techniques. A precipitation technique such as saturated ammomum
sulphate (SAS) precipitation isolates the IgG molecules from other serum proteins,
thus stabilising the antibody and reducing lipid content. Purification by ion exchange
chromatography is based on the fact that y giobulins are the least negatively charged
of the serum proteins. This makes them easy to purify using positively charged 1on
exchange matrices. Polyclonal antiserum is subjected to SAS precipitation to remove

crude proteins pnor to purification using affinity chromatography to isolate TgG

Affinity purification techniques purify antibodies by capturing them on a gel matrix
containing a covalently coupled analyte (Muronetz and Korpela, 2003). Purified
antibody can be acquired by coupling antigen to an affinity column. The most
commonly used method of affimity purification exploits the ability of Protein A and
Protein G to bind specifically to certain portions of the IgG molecule (Dancette ef al.,
1999, Fahrner et al, 1999). When Protein A and Protein G are immobilised onto
Sepharose the purification of monoclonal and polycional antibodies is possible.
Protein G purification was the method chosen for the purification of the polyclonal
and monoclonal antibodies used in this rescarch. A heterogeneous mixture of
molecules in solution, containing the protein of iterest (in this case, SAS cut
polycional serum or monoclonal antibody supernatant) is added to a column
containing the affimity pariner (Protein G) immobilised on some matrx (Sepharose
resin). Target molecules are capmred by their immobilised affinity partner, on a solid
or stationary phase. Contaminating molecules in the solution are not captured since
they do not exhibit the same affinity properties of the target molecule for the
immobilised capture molecules. The solid medium can then be removed from the
mixture, washed, and the target molecule released in a process known as elution
(Huse et al., 2002).

11



The use of affinity chromatography for the highly selective purification of
recombinant antibodies has been reported by many authors (Casey ef al., 1995; Cho et
al., 2000). Immobilized metal ion affinity chromatography (IMAC) is an important
technique employed for antibody fragment purification and was vsed in the research
described in this thesis. IMAC is based on the specific covalent binding of amino
acids, allowing proteins with an affinity for metal ions to be retained in a column
containing nmmobilized metal ions, such as cobalt, nickel, copper, zinc, or iron
(Kipriyanov et al., 1997). Porath and associates (1975) were first to introduce the use
of IMAC, while working on the fractionation of proteins from human serum. Ii is
now possible to engineer a histidine tag into an antibody fragment sequence which
will bind the metal chelaie column, thus facilitating purification (Miiller et al., 1998).
IMAC is now routinely used for the purification of recombinant proteins and antibody
fragments, due to relatively low costs, high recovery, high stability and high
purification yield, (Arnold, 1991).

Following purification, determination of the class and subclass of the antibody can be
performed in a number of ways including radicimmunoassay (RIA), enzyme-linked
immunosorbent assay (ELISA) and immune precipitation, using subclass-specific
antisera. Commercially available antibody isotyping kits are used for this purpose. In
the case of monoclonal antibodies, determination of the antibody class does not prove
that the antibody is truly monoclonal. However, if the antibody was produced from a
hybridoma that has undergone a rigorous and techmically satisfactory cloning
procedure and the antibody shows evidence of monoclonal specificity as established
by a predetermined classification, it is assumed that the antibody exhibits

monoclonality.

Antibody specificity is investigated by perforring cross-reactivity studies with the
antigen and other structurally similar antigens using ELISA, RIA, Biacore, Western
and Dot Blotting. The affinity of the antibody for its specific antigen can be
investigated using ELISA or biosensors. Biacore 1s a real-time surface plasmon
resonance (SPR)-based biosensor that can be used to study hiomolecular interactions
without the need for labelling. The antibody-antigen nteraction can be studied using
Biacore, thus providing valuable information on the kinetics of association and
dissociation (Alfthan, 1998).

12



1.5 Biosensors & Immunosensors

One of the most important issues in analytical biochemistry is selectivity, particularly
at low analyte concentrations and in the presence of interfering substances. In recent
years, high selectivity has been obtained by advances in analytical instrumentation
such as high-performance liquid chromatography, gas chromatography, mass
spectrometry and atomic absorption spectroscopy (Ashwin et al., 2005; Jin et al
2007). However, these powerful instruments are not applicable for in situ operation
and can only be used in specialised laboratory environments. Therefore there is a need
for highly selective sensors that are rapid and simple to use, for a number of
applications, such as medical, environmental and industrial (Darmanin-Sheehan e? al.,
2003). Biosensors are generally defined as analytical devices incorporating either a
biological material or a biologically-derived material intimately associated with a
physicochemical transducer or transducing microsystem, which may be optical,
electrochemical, thermometric, piezoelectric, magnetic or micromechanical (Turner ef

al., 1986). Figure 1.3 shows the general layout of a biosensor.

Biological Matrix Physical/Chemical Signal  Electrical Output Signal

e

Biological
detection
element

Transducer

Figure 1.3 Schematic layout of a biosensor consisting of biological detection element
and signal processing unit — (Adapted from Eggins, 1996). A biological matrix
containing the analyte of interest is applied to a biological detection element which
transduces the resultant physical or chemical signal that occurs upon biocomplex
formation. The signal is then converted to a readable output (usually electronic),

using a signal processor and software.
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Biosensors are concerned with sensing and measuring a particular chemical or
biological species, known as an analyte, (Byfield and Abuknesha, 1994). The
recogaition element must be biologically sensitive i.e. a molecule that is capable of
either reacting with the analyte or catalysing a reaction involving the analyte. This
element is immobilised at the transducer by a suitable method such as covalent
attachment or physical entrapment. The transducer can take a number of different
forms, but basically converts an observed change (physical or chemical) into a
measurable signal whose magnitude is proportional to the concentration of the analyte
under investigation (Luppa et al, 2001). Biosensors combine the specificity and
sensitivity of biological systems with the computing power of a signal processor
(Buerk, 1993). Many types of molecules qualify for bio-recognition, and these include
enzymes, receptors, peptides, DNA and living cells (Scouten ef al., 1995; Rao ez al.,
1996; Quinn and O’Kennedy, 1999). However, if antibodies or antibody fragments
are applied as the biological element, the device is known as an 1mmunosensor
(Taylor, 1991). Immunosensors can either be direct or indirect. Direct sensors are able
to detect the physical changes occurring during immune complex formation, whereas
indirect sensors use signal-generating labels, which allow more sensitive and versatile

detection modes when incorporated into the complex (Blum and Coulet, 1991).

The most significant obstacles in mmunosensor development are related to
immobilisation, orientation and retention of the specific properties of immuno-
molecules on transducer surfaces. The optimum density and orientation of antibodies
at immunosensor surfaces is a critical parameter. A wide variety of materials can be
used as sensing surfaces for immunosensor applications and these include but are not
limited to polymers, metals, glass and plastics (Darmanin-Sheehan ef al, 2003).
Therefore, antibody immobilisation techniques must be tailored for the type of
material used at the sensor surface {Turkova, 1999) and a suitable method of
immobilisation derived (Lu et al., 1996). In doing so, optimal biomolecule
immobilisation is achieved and therefore maximum antibody functionality and
reaction kinetic parameters are retained. There are four main types of immobilisation
currently used at immunosensor surfaces. These include amongst others; the oriented
coupling of antibodies by binding to Fc receptors such as protein A or G on the
surface (Quinn and O’Kennedy, 1999), affinity coupling of biomolecules using other
binding partners at the surface, such as biotin-avidin, (Schetters, 1999), coupling to
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solid supports via an oxidised carbohydrate moiety (Kang et al, 2007) and the
binding of Fab or scFv fragments to the surface via a suiphydryl group in the C-
terminal region of the antibody fragment (Domen ef al, 1990).

The regeneration of the binding sites of antibodies on 1mmunosensor surfaces is also
an important consideration. Antibody regeneration using acidic or alkaline solutions
can be potentially harmful to the binding ability of the antibody and can lead to
denaturation of the molecule. There are a number of different approaches that can be
used to solve this problem. One method 15 to displace the antigenic analyte using a
highly concentrated solution of a related antigen with weak affinity to the surface-
bound antibody; however this is only useful for small molecules (haptens). A more
robust approach is to use antibody engineering techniques to improve the chemical
stability of antibodies as whole molecules or as Fab fragments. Phage display
techniques, (Winter et al., 1994) offer such a tool and can be helpful in the sclection
of anttbody fragments with improved stability for biosensor applications (Tung et al
1999).

Biosensors can be categorised based on the detecton principle used. The five
principal classes of transducer used in biosensors are; electrochemical, optical,
thermometric, piezoelectric and magnetic Electrochemical sensors may be subdivided
1nto potentiometric, amperometric, or conductimetric sensors. Potentiometric sensors
measure the change in charge density at the surface of an electrode (Ghindilis ef al.,
1998; Purvis et al., 2003). Amperometric sensors monitor currents generated when
electrons are exchanged either directly or indirectly between a biological system and
an electrode (Skladal ef al., 2002, Kameswara Rao er al, 2005). Conductimetric
sensors measure changes in 1onic conductance (Kim ef al., 2000). Optical biosensors
correlate changes in concentration or mass, to direct changes in the characteristics of
emutted light (Myong Song et al., 2005; Leung et al., 2007). Other physicochemical
sensors, such as thermometric, piezoeleciric, and magnetic sensors, monitor biological
interactions through changes in heat, mass or magnetic properties (Eggins, 1996). The
research described in this thesis focuses on the use of both optical and
electrochemical-based methods, namely fluorescence-based and impedance-based

sensors for the detection of haptens, proteins and whole cells.
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1.5.1 Fluorescence-based Detection

The use of flnorescence to facilitate measurements in biological systems has increased
dramatically and includes applications in spectroscopy (Hoshina et al., 20G7), flow
cytometry (Manger ef al., 2007), climcal chemustry (Hernandez-Caraballo & Marco-
Parra, 2003), in situ hybridisation (Baylis et al., 2007), immunoassay (Tully ef al.,
2006), immunocytochemistry (Buchwalow et al, 2005), immunohistochemistry
{(Peir6 et al., 2007) and microarrays (Rucker et al., 2005).

Luminescence is the emission of light from any substance occurring when an clectron
returns from an electronically excited state to ground state. There are two main
categories of luminescence; fluorescence and phosphorescence and these are

dependent on the nature of the excited state of the electrons involved in the process.

Fluorescence is the property whereby some atoms and molecules absorb light at a
particular wavelength and subsequently emit light of longer wavelength after a brief
interval, termed the fluorescence life-time (Lackowicz, 1999). Photons from an
external source are absorbed by the fluorophore and this produces excited singlet state
electrons. The tume taken for these electrons to return to the lower energy level 1s
known as the excited state life-time. The emission of light occurs as fluorescence
from an excited electron singlet state, where all the electrons in the molecule are spin-
paired. The return to ground states occurs, with the emission of photons. Emission
rates are fast, being in the region of 10°s™, and fluorescence life-times are relatively
short. Many fluorophores have sub-nanosecond life-times and, therefore, the

fluorescence emitted by these dyes is short-lived.

Phosphorescence is the emission of light from triplet-excited states, whereby one set
of electron spins is unpawred. This means that electrons in the excited orbital have the
same spin as ground state electrons. Therefore, transition to ground state is not
possible and emission rates are slow (in the region of 10°-10's™). Phosphorescent life-
times have durations in the millisecond range. Following exposure to light,
phosphorescent substances glow for several minutes as the excited phosphors return
to the ground state very slowly. Figure 1.4 shows a modified Jablonski diagram

depicting both fluorescence and phosphorescence-based light emission.
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Figure 1.4 When a photon provided by an external light source is absorbed by a
Sluorophore, it is excited from a vibrational level in the electronic ground state (Sy)
o a higher electronically excited state. The electronic state of an organic molecule
can be either a singlet state whereby all electrons in the molecule are spin-paired or
a triplet state where one set of electrons is unpaired. The excited singlet states (S;.3)
are reached after initial absorption. A molecule in this energy level will quickly fall
to the lowest vibrational level of this stale by energy loss through collision.
Fluorescence occurs as photon of light is emitted; returning the fluorophore to
ground state. The Jablonski diagram shows the possible routes by which an excited
molecule can return to ground state via unstable triplet states. A quick return to
ground state results in fluorescence, whereas a delayed retwrn is known as

phosphorescence - (Adapted from Lackowicz, 1999).

Biological molecules can be tagged with a fluorescent chemical group (fluorophore)
using simple chemical reactions which allows sensitive and quantitative detection of
the molecule. A number of processes involved in fluorescence emission can have an
effect on the fluorescence characteristics of a fluorophore. These include collisions
with quenchers, rotational and translational diffusion and complex formation with
solvent/solute. Fluorescent molecules absorb photons of energy at one wavelength
and subsequently emit energy at another wavelength (Wolfbeis, 1993). During the
absorption process (excitation), the quantum energy levels of some fluorophores

increases with photon uptake. This absorption band is not isolated at a discrete
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{(single) photon energy level but spread over a range of wavelengths, giving rise to a
peak of maximal absorbance. The extinction coefficient (E) is measured at the
absorbance peak maximum and is specific for each fluorophore. The ratio of total
photon emission over the entire range of fluorescence to the total photon absorption
(range 0-1) is known as the quantum yield (Q). The higher the quantum yield the
brighter the fluorescence (photon emzssion) will be. Another characteristic that is an
important consideration for a fluorophore is the size of its Stokes shift. Stokes Law
states that the emission wavelength of a given fluorophore should be longer and of
lower energy than the excitation wavelength, so that the emission spectrum should be

separated sufficiently from 1ts excitation spectrum (Mason, 1993).

The intensity of emitted fluorescence can be decreased by a number of processes and
this is known as quenching. Collisional quenching occurs when the excited state
fluorophore is de-activated upon contact with some other molecule in solution.
Fluorophores can form non-fluorescent complexes with quenchers and static
quenching can occur in the ground state, since no diffusion or molecular collisions are
occurring, Quenching can also happen by other non-molecular mechanisms such as
attenuation of the incident light by the fluorophore itself or the presence of another
absorbing species in the sample (Hermanson, 1996). Another problem encountercd
with the use of fluorescence for analysis is over labelling. Decreases in emission
intensities can occur, as the level of probe attachment to biological molecule is
increased. This happens since fluorophores can self-quench at high label levels, due to

the energy transfers from excited state molecules to ground state dimers.

However, fluorescence-based detection is a safe, rapid, non-invasive technique
snitable for many biclogical applications (Hall et gl., 1999; Sutherland, 2002; Lochner
et al., 2003) and has many advantages over other light-based investigative methods.
Changes in concentration can be monitored very rapidly and samples are not affected
or destroyed in the process. A fluorescence cmission spectrum is a plot of
fluorescence intensity versus wavelength (nm) or wavenumber (cm'l). Emission
spectra vary widely from fluor to fluor and are dependent on chemical structure and
environmental conditions e.g. pH, buffer components, solvent polarity and dissolved

oxygen.
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1.5.1.1 Fluorescent probes

Detection of labels for use in biological applications can be performed by either
spectrophotometric  or radicactive methods (Wolfbers, 1993). The use of
spectrophotometric probes includes both chromogenic (coloured) labels and
fluorescent labels. Chromogenic labels are mainly used for the non-covalent staining
of structural features within cells as the coloured pigments 1n the dye bind to specific
areas in the cell. However, there are a number of problems associated with these tags.
The sensitivity of visible wavelength dyes is generally not sufficient for detection of
low concentrations of antigen and, even if a biomolecule is covalently modified with

the chromogen, a relatively large amount of dye is required.

Fluorescent probes (fluorophores) are relatively small molecules that are used to label
biomolecules such as proteins, antibodies and nucleic acids. They contain functional
groups and specific physical and chemical characteristics that confer suitability for
their use as detection moieties. To date, thousands of fluorescent probes are known
each with varying spectral properties. Fluorescent labels have provided excellent
sensitivity for a range of assay systems that can be applied to the determination of
almost any analyte. Fluorescent tags have a number of attributes including large
quantum ermssion yield upon excitation and easy conjugation to biomolecules via
reactive groups that make them highly suitable for biological detection. The physical

and chemical properties exhibited by an ideal fluorescent label are shown in Table 1.1

Table 1.1 List of ideal properties for fluorescent probes

Properties Ideal fluorescent probe
Light emtted Narrow band of emission
Stability Emits brightly; photostable
Stokes shift Large shift with good distance between

excitation and emission wavelengths

Quantum yield High quantum yield, approaching 1
Fluorescence life-time Long life-time
Light source Broad excitation range; inexpensive
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These include high quantum yield and a large Stokes shift to ensure good separation
of excitation and emission wavelengths, A large Stokes shift will incrcase the
fluorescent signal generated as interference from Rayleigh scattered excitation light is
decreased. The aromatic ring system contained in most fluorophores generates the
Iuminescence and, as the ring gets larger, the emission shifts to red and the quantum
yield increases. Aromatic ring constituents affect the fluorescent bebaviour of each
dye. Ring activators i.e. electron donating groups increase the quantumn yield of a
fluorophore whereas electron withdrawing groups decrease it. The presence of heavy
atoms can also diminish the quantum yield by enhancing the probability of the excited
smglet state going into triplet transition. Energy decay from a triplet excited state
causes phosphorescence instead of fluorescence. The phosphorescent band is located
at longer wavelengths and, hence, at lower energies, relative to the fluorescence
spectrum (Lackowicz, 1999). Polycychc structures in the aromatic ring system are
important to maintain fluorescent properties. Co-planar structures, 1.¢. rings mn the
same¢ dimensional plane, show the greatest fluorescence. Malachite green and
rhodamine have very simular structures, yet the oxygen bridges on the upper phenyl
rings of rhodamine confer a planar shape, thus enhancing its luminescent qualities
(Hermanson, 1996).

Intrinsic fluorophores are naturally occurring whereby the intrinsic fluorescence
originates within the aromatic amino acids such as tryptophan, tyrosine and
phenylalanine. The indole groups of tryptophan residues are the dommnant source of
UV absorbance/emission in proteins. Emission of tryptophan is very sensative to local
environmental changes and can be used as a reporter group for protein conformational
changes. The emission maximum of proteins reflects the average exposure of
tryptophan residues to the aqueous phase. Tryptophan fluorescence is subject to
quenching by iodide, acrylamide and disulphide groups and also by nearby electron-
deficient groups and protonated histidine residues (Suresh Kumar et al., 2007).
Extrinsic fluorophores, on the other hand, are added to samples to provide
fluorescence when the molecule of interest is non-fluorescent or the mitrinsic
fluorescence 15 too weak. Proteins with weak intrinsic fluorescence can be labelled
with fluorophores that have longer excitation and emission wavelengths than their
constituent aromatic amino acids. There are huge numbers of such fluorophores.

Reagents are available that can be used for both the covalent and non-covalent
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labelling of proteins. In the case of covalently bound probes a variety of reactive

groups is available for effective couphng with amuine, sulphydryl and histidine side

chains in proteins. Ideally, for labelling of biomolecules, each fluorophore shouid

have several analog forms each with a different reactive group suitable for coupling to

a different specific functional group on the target molecule. Popular organic labels

include denvatives of fluorescein, rhodamine, coumarin, and cyanine, as shown in

Table 1.2.

Table 1.2 List of common organic fluorophores.

Mr

Aex

dem

Fluorescent

Quantum

Fluorophore ©a) | (nm) | (nm) | tifetime (ns) | Yield (Q) Reacts with
Fluorescein .
isothiocyanate (FITC) 389 494 520 ~ 4.1 0.75 Amines
NHS-fluorescein 457 | 401 | 5181  -~40 0.75 Amunes
I"%"acetam.ldo‘ si5 | 491 [ 520 -~40 0.75 Sulphydryls
Uorescein
Fluorescein-5-maleimide { 427 490 | 515 ~4.0 0.75 Sulphydryls
thFl”"“.’S"em's. 421 | 492 | 516 ~4.0 0.75 | Aldehyde/Ketone
iosemicarbazide
5-({(2-(Carbohydrazino)
methyl)-thio)-acetyl)- 493 490 | 516 ~4.0 0.75 Aldehyde/Ketone
aminofluorescein
Tetramethylrhodamine- .
5-(6)-isothiocyanate 444 544 | 570 ~15 0.25 Amine
NIIS-thodamine 528 | 546 | 579 ~1.5 0.25 Amine
Lissamine rhodamine .
sulphonyl chioride 577 556 576 ~2.1 0.25 Amine
Texas red sulphonyl | 577 1 556 | 576 4.2 0.25 Amine
chioride
Tetramethylrhodamine-
5-(6)-10doacetaminde 569 540 | 567 ~ 0.25 Sulphydryls
Lissamine rhodamine B
sulphonyl hydrazine | 573 | 360 | 585 ~ 0.25 Sulphydryls
Texas red hydrazine | 621 | 580 | 604 - 0.25 Sulphydryls
7-Amino-4-methyl- Amines (using
coumarim-3-acetic-acid | - 345 1450 - 0.49 EDC activation)
Cyanine 3 (Cy3) 767 550 570 ~0.2 ~0.25 Amines
Cyanine 5 (Cy5) 792 649 670 ~0.3 ~0.29 Amines
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There are many techmiques available for the dwect and indirect labeling of
biomolecules with fluorescent tags for biological applications (Sun ef al, 2006; Tirat
et al, 2006; Lundberg et al., 2007). The selection of an appropriate fluorescent tag is
dependent on a number of parameters such as sample type, mode of action,
immobilisation strategy, excitation and erission characteristics of the fluorophore and
the type of analyte being detected. Fluorescence-based detection of antibody-antigen
binding interactions was traditionally performed with organic fluorescent tags such as
FITC or rthodamine (Hermanson, 1996) which display a number of advantageous
properties such as long absorption maxima, insensifivity to solvent polarity, high
molar extinction co-efficients and the availability of a wide variety of reactive
derivatives. Fluorescein dertvatives are characterised by a multi-ring aromatic

structure, due to the planar nature of an upper, fused, three-ring system (Figure 1.5).
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Figure 1.5 Structure of Fluorescein

Derivatives of the basic structure of fluorescein involve substitution of carbons
number 5 or 6 of the lower ring, for modification and labeling of biomolecules. The
effective excitation wavelength range is between 488-495nm, whie the emission
spectrum lies between 518-325nm, depending on the derivative. The quantum yield of
fluorescein derivatives can be up to 0.75 (Hermanson, 1996). However, quick
photobleaching can occur when the dye is dissolved in buffers, exposed to light or pH
variations or subjected to long-term storage. The main applications of FITC include;
labelling of antibodies to detect antigens in cells, tissues, immunoassays, blots, chips,
and microarrays, identification of molecules separated by capillary zone

electrophoresis and use as a label in flow cytometry.
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There are significant problems associated with the use of organic fluorophores, such
as fluorescein, in biological applications. These molecules often have mnarrow
excitation spectra and broad emission bands and so multiplexing of assays is difficult
as spectral overlap can take place. Quenching, photobleaching and autofluorescence
can also occur, affecting the generated signal, and giving rise to skewed or invalid
results. Therefore, the need for more photostable and robust labels was identified. The
following sections (Sections 1.5.1.2-1.5.1.5) give a general overview of the
development of more stable, sensitive fluorescent labels and their associated

technologies.

1.5.1.2 Near-infrared (NIR) Fluorescent Prohes

Near-infrared (NIR) detection of biomolecules has a number of advantages over
conventional fluorophores, includmg low fluorescence background, since very few
naturally occurring molecules can undergo electronic transitions in this low energy
region of the spectrum (Basheer ef al., 2007). Scatier is also reduced at higher
wavelengths at this end of the spectrum thus reducing sample photodecomposition.
NIR probes have high quantum yields, targe Stokes shifts, photochemical stability and
a high tolerance to quenching. Good examples of NIR probes are the cyanine dyes.
These molecules have emission maximums between 600-800nm. The quantum yields
of these probes in aqueous solutions are very low. However, on binding to analytes
changes in absorption and emission wavelengths are increased as the fluorescent life-

time increases. Figure 1.6 shows the basic structure of a cyanine dye.
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Cyanine dye fluorophores fluoresce brightly and contain a (-CH=CH-); group linking
two nitrogen-containing hetcrocyclic rings, as shown in Figure 1.6. They can be
functionalised with NHS-ester, maleimude, isothiocyanate and hydrazine chemistries
for biomolecuie attachment and exhibit high molar extinction coefficients and
favourable quantum yields. The small size of these dyes reduces steric hindrance, and
therefore, loss of activity (Hermanson, 1996). Cyamne dyes are used for standard
fluorescence, fluorescence resonance energy transfer (FRET), time-resolved
fluorescence {TRF) and fluorescence polarisation applications. Cyanine dyes can be

used to label proteins both covalently and non-covalently (Song et al., 2004).

1.5.1.3 In vive labelling

The green fluorescent protein (GFP) from the jellyfish, Aequorea victoria, is a
versatile reporter for monitoring gene expression and protein localisation 1n a variety
of cells and organisms (Tsien, 1998; Kukar et al., 2002). GFP emits bright green light
on excitation. The chromophore in GFP 1s intrinsic to the primary structure of the
protein, and fluorescence from GFP does not require additional gene products,
substrates or other factors. GFP fluorescence 1s stable, species-independent and can be
monttored non-invasively using the techniques of fluorescence microscopy,
fleorescence-activated cell sorting {(FACS), flow cytometry and fluorescence
resonance energy transfer (FRET). Since the first use of GFP in living organisms, live
cell fluorescence microscopy has become an indispensable tool for cell biologists. In
recent years many floorescent reporters suitable for in vive experiments have been
developed, including a wide range of fluorescent protens in various colours (Awais er
al, 2007). The technique of labelling genes and proteins in vivo for microarray
purposes has become an 1mportant tool in the development of gene and protem
expression analysis (Todman er al., 2005). In vivo labelling methods give accurate
pictures of what is happening in the natural dynamic environment and these
techmques are a vital tool for fluorescence-based detection, especially for microarray

applications.
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1. 5.1.4 Lanthanides

Fluorescence tymcally occurs from aromatic molecnles (Basheer er al., 2007) e.g.
naturally occurring fluorescent substances such as quinine, fluorescein, rhodamine B,
acridine orange and 7-hydroxycoumarin. In contrast to aromatic organic molecules,
atoms are generally non-fluorescent in the condensed phase. However, the
lanthanides, a group of elements including terbium and evropium, do not follow this
rule. Fluorescence occurs in these molecules as a result of electron transitions
between orbitals. Lanthanides exhibit long decay-times due to the shielding effect of
electron transitions between the orbitals and short emission rates because of their low

extinction co-efficients (Lamifure ef al., 1996).

Long life-time probes are those with fluorescent life-times greater than those of
traditional organic probes (1-10ns). Lanthanides are transition metals with fluorescent
Iife-time decay times between 0.5-3ms (Handl and Gillies, 2005). Transition metal
hgand complexes are made up of metal and organic ligands. They contfain mixed
singlet-triplet states and have intermediate lifetimes of 400 nanoseconds to
microseconds. Their absorption co-efficients are very low and emissive rates slow,
giving rise to long life-times. They are not directly excited but use chelated organic
liquids as conduits. Lanthanides can substitute chemically for calcium in calcium-~
dependent proteins. They can be used with proteins that do not have intrinsic binding
sites and are particularly uvseful in immunoassay applications (Gudgin-Dickson ef al.,
1995). Biological samples can exhibit antofluorescence, which can be limiting, since
autofluorescence from the sample decays on a nanosecond timescale, as does the
fluorescence of most probes. However, due to the long decay time of lanthanides, they
continue to emit following the disappearance of autofluorescence. Time-gated
detection can be used with lanthanides whereby steady state intensity measurements
are taken over a perod of time following pulsed excitation. This principle of time-

pated detection of long life-time probes is illustrated in Figure 1.7.
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Figure 1.7 Principle of time-gated fluorescence detection. Time-gated fluorescence
detection is used to monitor the fluorescence of a sample as a function of time, after
excitaiion by a flash or pulse of light. This figure shows a schematic of the system used
with lanthanide molecules whereby steady-state intensity measurements of emitted
fluorescence are taken aver a period of time following pulsed excitation. Time resolution
is optically gated, whereby a short laser pulse acts as a gate for the detection of emitted
fluorescence and only fluorescence that arrives at the detector at the same time as the
gated pulse is collected. In time-gated detection systems, the detector is turned on after
excitation and the fluorescence intensity generated is integrated. This method is useful for

long lifetime probes.
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1.5.1.5 Novel Fluorophores

The evolution of novel fluorophores that exhibit greater stability and brightness, has
led to mmproved sensitivity and reproducibility in biological monitoring (Chan et al.,
2002). The advent of inorganic fluorophores such as quantum dots, nanocrystals and
nanoparticles has revolutionised fluorescence-based detection methods. These novel
fluorescent molecules exhibit large Stokes shift, high gquantum yields and can be
excited with a broad range of excitation sources (Seydack, 2005). Functionalisation
of the polymer shell of such molecules 1s generally quite simple and allows direct
coupling of the probe to biomolecuies. Novel fluorescent probes have higher quantum
yields and high resistance to photodegradation and the main advantages of such
probes are their narrow predictable emissions, extreme photostability and brightness
(Bruchez et al., 1998; Tan® et al., 2004; Goldman e? al., 2005). Quantum dots, dye-
doped nanoparticies and phosphorescent porphyrin dyes were used in the

development of novel immunocassays described in this thesis.

1.5.1.5.1 Quantum Dots

Quantum dots are tiny light-emitting particles on the nanometer scale. They are a new
class of biological label with improved characteristics and properties that arc superior
to traditional organic dyes and fluorescent proteins. Recent advances have led to
quantura dot bioconjugates that are highly luminescent and stable {(Chan and Nie,
1998; Mattoussi et al., 2000; Goldman et al., 2004}, These bioconjugates raise new
possibilities for studying genes, protemns and drug targets in single cells, tissue
specimens and even in living animals (Ackerman et al, 2002; Gac and Nie, 2003;
Mulvaney et al., 2004; Goldman et al., 2006; Kerman et al., 2007).

Quantum dots are nanocrystalline semi-conductors that exhibit unique light emitting
propertics that can be customised by changing the size or composition of the dots
(Alivisatos, 2004). They are typically 2-8nm in size and covered with a layer of
organic material that allows functionalisation of the surface for biomolecule
attachment (Bruchez et al., 1998; Seydack, 2005). The colour is determined by the
size of the particles and the composition of the materials used, which in turn dictate
the opftical properties. Smaller dots fluoresce at shorter wavelengths (blue), while
larger dots emit at longer wavelengths, (red). One of the main advantages of

nanocrystalline fluorophores is that they absorb light over a broad spectral range. By
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absorbing all wavelengths shorter than their emission wavelength (blue wavelengths),
a single light source is required for the excitation of multiple coloured dots. This
simplifies instrumentation, lowering costs and enabling multiplexing of assays
(Goldman et al., 2004). Typically in fluorescence-based measurements, when dealing
with ordinary fluorescence labeling using proteins, such as green fluorescent protein,
or organic dyes, such as rhodamine, it is difficult to utilise more than two or three
colours at once. Each of the fluorophores must first be excited with a specific
wavelength of light, which can block the emitted colour of a second or third
fluorescent probe. However, with quantum dots the same wavelength of light can be
used to excite different sized dots (and therefore colours), thus facilitating simple

multiplexing of assays. Figure 1.8 shows a schematic representation of the basic

quantum dot structure.

Surface coating

Organic Coating

Capping Group

Inorganic Shell
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.ﬁ Crosslinker & Biomolecule

Figure 1.8 Schematic depicting the component layers of a quantum dot. An inorganic
zinc sulphide (ZnS) shell encapsulates the core nanocrystal composed of cadmium
selenide (CdSe). The inorganic shell is subsequently capped and an organic layer and
a polymer surface coating are applied to enable biomolecule attachment. For the
quantum dots used in this thesis the polymer shell is directly coupled to streptavidin

through a carbodiimide-mediated coupling reaction for biomolecule attachment.
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For the research described in this thesis, streptavidin conjugated quantum dots were
purchased from the Quantum Dot Corporation, (USA). These umque fluorescent
probes have an emission maximom near 605nm and can be excited with a range of
excitation sources. The quantum dots comprise of a cadmium selenide (CdSe) core
shell coated with a zinc sulphide (ZnS) semi-conducting inorganic coating to improve
optical properties. Thus is further functionalised by coating with a polymer shell to
atlow direct coupling to biomolecules. In this case the polymer shell was directly
coupled to streptavidin through a carbodiimide-mediated coupling reaction as shown

n Figure 1.8.

The narrow emission specira of nanocrystals give rise to sharper colours and high
spectral resolution, which improves assay semsitivity since nanocrystals emit more
light than their constituent dye. Quantum dots are not liable to photobleaching, exhbit
excellent photostability and, relative to conventional fluorophores, are up to 100 times
more stable (Seydack, 2005). It is this photostability that allows repeated interrogation
of the materials over longer periods. Quantum dots have high excitation cross
sections, in that they absort much of the light with which they are irradiated, and high
quantum yields whereby they re-emit more than 50% of the light they absorb (Sun ef
al., 2001). This gives rise to strong fluorescence signals, thus increasing detection

sensitivity.

The potential uses of quantum dots in biological applications include drug delivery,
diagnostics, drog discovery, genetic analysis and observation of biomolecular
interactions (Aoyagi and Kudo, 2005; Kerman ef al., 2007; Lucas et al., 2007). In the
research described in this thesis, quantum dots were investigated as novel labels for
the development of immunoassays for the detection of IniB and warfarin. An imaging
application was also performed using quantum dots as the fluorescent label for the

immunostaining of L. morocytogenes whole cells.
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1.5.1.5.2 Porphyrins

Organic fluorescent labels such as FITC, Cy5 and rhodamine can exhibit high optical
background in immunoassay applications, which reduces sensitivity (Wolfbeis, 1993).
The use of long-decay fluorescent probes and time-resolved detection allows for a
significant decrease in background and, therefore, an increase in senmsitivity. The
lanthanide chelates, such as europium and terbium have traditionally been used as
probes for the time-resolved fluorescent detection of anmalytes (Yuan and Wang,
2006). Functionalised denvatives of these dyes are available commercially for both
homogenous and heterogeneous assays. However, an enhancement step is often
necessary, such as dissociative enhancement (DELFIA} or addition of enzyme labels
to improve performance, resulting in an enzyme-amplified lanthanide luminescence
system (Gudgin-Dickson ef al,, 1995; Hand] and Gillies, 2005).

Another group of swructures, the metalioporphyrins, is particularly suitable for
biological applications, due to their relatively long decay times. Metalloporphyrins
provide a realistic alternative to fluorescent lanthanide chelate labels. Phosphorescent
metalloporphyrins, such as the water-soluble platinum and palladiurm complexes of
coproporphyrin, have a pumber of advantages as labels for immunoassay
development (Hemmild & Mukkala, 2001). Palladium (II) and platinum (1D
complexes of porphyrins were first synthesised and studied by Eastwood and
Gouterman (1970). These complexes of porphyrin and related tetrapyrrolic pigments
emit strong phosphorescence at room temperature, which is characterised by long
lifetimes falling into the sub-millisecond range and long-wave spectral characteristics.
These include high quantum yields of up to 40%, simple laser excitation at 532nm
and broad red emission (600-750nm). It is these features that make porphyrin dyes
useful as probes for a number of bioanalytical applications, particularly those
employing time-resolved fluorescent detection (Papkovsky, 1991 and 1993). The
basic structure of porphyrin consists of four pyrrole units linked by four methene
bridges (Figure 1.9).
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Figure 1.9 Structure of porphyrin

Metalloporphyrins can be synthesised to have either isothiocyanate reactive groups or
malemide reactive groups, allowing conjugation to be tailored exactly to suit the
substance being labelled. There are two main conjugation strategies for porphyrin
attachment to proteins. The first involves the activation of the porphyrin by
carbodiimide, followed by nucleophilic attack of the primary amino groups of the
biomolecule to produce bioconjugates via the amide bond. The second method
employs carbodiimide to preactivate the porphyrin in the presence of an active ester,
which results in a porphyrin derivative, with active functional groups that can react
with the amino groups of a biomolecule (O’Riordan et al.,, 2001; Papkovsky and
O’Ruordan, 2005).

Novel derivatives of platinum and palladium coproporphyrin were made available for
the development of novel immunoassays, in association with an industrial partmer
Luxcel Biosciences Ltd. (UCC, Cork). The derivatives were used to make
phosphorescent conjugates of antibodies and neutravidin. The labels and conjugates
were then evaluated in solid phase immunoassays using a commercial
phosphorescence-based detector, and mvestigated as novel probes for the detection of
both InlB and warfarin.
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1.5.1.5.3 Nanoparticles

Fluorescent labeling of biological materials using organic fluorescent dyes is widely
employed in immunoassays and biological imaging (Lackowicz, 1999). However,
organic fluorophores have limitations such as poor photostability and brightness,
especially for samples with high background fluorescence (Trau et af, 2002). Indeed
even the highly luminescent quantum dots described by Chan and Nie (1998) have
certain characteristics which limit their effectiveness. These include poor solubility in
water, blinking and highly toxic cadmwmum components. Fluorescent nanoparticles
exhibit considerable advantages in detection over both organic fluorescent dye
molecules and quantum dots. The supenority of nanoparticles is apparent m their

stability, brightness and ease of functionalisation for bioconjugation.

Organically modified silicate materials have become an attractive field of study due to
the versatility and flexibility associated with thewr preparation (Pham et al., 2007).
Dye-doped silica nanoparticles display high stability and retain their optical activity,
thus providing a viable method for the production of tailored materials with unique
properties for biologicai applications. Ow er al. (2005} described a class of highly
fluorescent core-shell nanoparticles, up to 20 times brighter and more photostable
than their constituent fluorophore. The fabrication of such molecules employs a
microemulsion technology. This method encapsulates fluorescent dye molecules into
a silica matrix, giving rise to dye-doped nanoparticles with a high intensity
fluorescent signal. The excellent photostability of doped nanoparticles is due to
exclusion of oxygen by the sihica encapsulation. Surface modification post-fabrication
allows efficient conjugation to biomolecules. Silica is easy to modify, either through
NHS activation, silanisation or carboxyl modification (Lian er al, 2004). Scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and
fluorescence spectroscopy are used to characterise the doped nanoparticles to
determine size umformity, quantum yield, fluorescent life-time and fluorescent
intensity. Each nanoparticle encapsulates thousands of fluorescent dye molecules in
the protective silica matrix, providing a highly amplified and reproducible signal for
fluorescence-based bivanalysis. Figure 1.10 shows a schematic depicting the structure

of dye-doped nanoparticles.
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Figure 1.10 Schematic depicting the component layers of ruthenium dye-doped silica

nanoparticles. A silica shell encapsulates the constituent dye (ruthenium) using a
water in oil microemulsion technique. The silica surface of the doped nanoparticles is
modified for biomolecule attachment by silanisation with

aminopropyltrimethoxysilane (APTES) and subsequent glutaraldehyde crosslinking.

Traditional immunoassays employ the use of one or more fluorescent dye molecules
linked to an antibody, to trace the antibody-antigen binding interaction. Nanoparticles
have been successfully conjugated to antibodies, proteins, streptavidin and avidin
(Santra et al, 2001; Ye et al., 2005; Dahint et al., 2007). The efficiency of the
conjugation process can be monitored and the conjugation rate predicted, with respect
to the initial ratio of biomolecule to nanoparticle (NP) by applying mathematical
formulae which take into account the size of the nanoparticles, their capacity for
binding (mg protein present per mm? of nanoparticle surface) and the mean diameter
of the nanoparticles. Functionalisation of the polymer shell of such molecules is
generally quite simple and allows direct coupling of the probe to biomolecules (Lian
et al., 2004). In this research, ruthenium dye-doped silica-shell nanoparticles were
investigated in association with Dr. Robert Nooney of the Biomedical Diagnostics
Institute (BDI), DCU. Nanoparticles were synthesised using a microemulsion method
and conjugated to antibodies for the development of fluorescence-based

immunoassays with improved sensitivities.
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1.5.2 Electrochemical-based detection

Over the past 30 years clectrochemical sensors have been used as tools for the
detection of a wide range of analytes (Pejcic and DeMarco, 2006). These sensors are
dependent on the condition and stability of the membrane/electrode surface and the
behaviour of immobilised biomolecules at this interface. Electrical impedance
spectroscopy (ELS) has been used to provide information on the various processes
occurring at electrochemical sensor surfaces (i.e., adsorption, fiim formation, rate of
charge transfer, ion exchange, diffusion and mass transport} since the understanding
of these processes assists the development of improved immunosensing strategies.
Biosensors have expenenced rapid, extensive improvement as a result of studying the
electrochemical phenomena occurring at sensor surfaces. Advanced sensor materials
and coupling strategies have been developed to maintain the biocactivity of
biomolecules, thus enriching generated signals. Enhancement of bio-mmmobilisation
matrices with materials such as hydrogels, sol-gel-derived composites, polymer thin-
films and lipid membranes (Xu ef al., 2006) has assisted in the evolution of smart,
novel immunosensors. Continned improvements in surface chemistries at electrode
interfaces, immobilisation strategies, protem engineering techniques and transduction
system design have aided in the creation of a new generation of electrochemical

JIMINUNOSENSOrs

Electrochernustry involves the study of the mterrelationship of electrical potentials and
their associated currents with chemical systems and their underlying chemistries
(Bard and Faulkner, 1980). It is the study of reactions in which charged particles cross
the interface between two phases of matter, typically an electronic conductor
(electrode) and a conductive solution (eiectrolyte). Electrochemustry may be used as a
fundamental analytical tool (Pejcic and DeMarco, 2006) as well as having numerous
mdustrial applications. Processes taking place at the surface of the ¢lectrode produce
an imbalance in the electncal charges of both the electrode and the electrolyte. This is
known as a potential difference and is the determining factor of the resultant
electrochemical reaction. The unit of measurement of potential difference, voltage

(V), can be described using Equation 1.1.
Equation 1.1 Vv =J/C,

whereby a volt is simply the energy (J) required to move a charge {c).
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The application of a potential to an elecirode supplies electrical energy and alters the
energy level of the electrons within the electrode since they possess charge (Buerk,
1993). An electrochemical cell is a device capable of producing electric current from
energy released by a redox reaction. This kind of cell is also known as galvanic cell ,
named after Luigi Galvani, the 18" century scientist responsible for conducting some
of the first experiments on chemical reactions involving electric current. In a galvanic
cell the anode is defined as the electrode where oxidation occurs and the cathede 13
the electrode where reduction takes place. The electrodes in galvamic cells have
different dissolving rates (unequal amounts of electrons in each metal) which cause a
difference in electrode potential between the electrolyte and the electrodes. If an
electrical connection, such as a wire or direct contact, is formed between the anode
and cathode, electrical current will flow between the metal electrodes (Bard and
Faulkner, 1980). The application of a potential to an electrode can, therefore, supply
electrical energy, thus altering the energy level of the electrons withm a metal
electrode since they possess charge. If we consider a single electron transfer reaction

as described in Equation 1.2;

Equation 1.2 O+e<—R,

where O is a molecule in an oxidised state, R is a molecule in a reduced state and e 15

an electron.

It can be assumed that there are arbitrary amounts of (O) and (R) in the solution and
so the total current flowing, 7, is determined by calculating the sum of the reductive i,

and oxidative i,, currents, as shown in Equation 1.3.

Equation 1.3 1 =1, + 1. = nFAKq [Olp — nFAk [R]o
where A is the electrode area (cm”), F is the Faraday constant 1.e. amount of electric
charge in one mole of electrons (~9.65 x 10° Coulomb/mol), n is the number of
electrons transferred, | Jo are the surface concentrations of either (O) or (R),

respectively.
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The free energies of activation for the clectrode reaction are related to both the
chemical properties of the reactants, the transition state of the reactants and their
response to applied potential. The Butler-Volmer equation, (Equation 1.4} provides
further information on the fundamental relationship between current flow and applied

voltage.

(o] TMEE) gy (cenREE)
Equation 1.4 L= 9% e - adt o
' [Olpu (R, ’

where, F is the Faraday constant (~9.65 x 10° Coulomb/mol) n is the number of
electrons transferred, E is the applied voltage, E, is the voltage established by the
mixture af (0) and (R) at equilibrium , [ o are the surface concentrations aof either
{Q) or (R), respectively, and the o term reflects the sensitivity of the transition state to

the applied voltage.

If o 1s equal to zero, then the transition state shows no dependence on potential
Typically, however, o tends to approximate to 0.5. This means that the transition state
responds to potential m a manner halfway between the reactants’ and the products’
response. Current flow therefore responds to changes in the value of ., the value of iy

(the exchal.lge current density) and changes in potential.

Electrochemical reactions involve the interfacial transfer of charge between an
electrode and a species in solution (Eggins, 1996). The exponential relationship of
applied potential to rate of electron transfer wounld suggest that it is possible to
transfer unlimited amounts of material to and from the electrode surface. However,
for a fixed electrode surface area, the reaction rate is controlled by the rate constant
and the surface concentration of the reactant. If the rate constant is sufficiently large
so that any reactant close to the electrode surface is immediately converted mto
reaction product, then the current will be controlled by the amount of fresh reactant
reaching the surface over time from the bulk solution (Lower, 1994). This important
factor shows that mass transport of reaction materials greatly affects measured

current.
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Specifically there are three forms of mass transport, which can affect an
electrochemical experiment, namely diffuston, convection, and migration (Brett and
Oliveira Brett, 1993). Diffusion occurs in all solutions and arises from local
differences in concentrations of reactants (Bakker et al., 2004). Entropy forces act to
try and equalise these differences and are the main driving forces for diffusion.
Convection, however, results from the action of a force on the solution, for example a
stirrer or gravity, whereas migration is an electrostatic effect arising from the
application of a polarising potential at an electrode, thus creating a charged interface
Charged species within the local solution will become attracted to, or repelled from,

the electrode.

The common feature connecting electrochemical sensors is that they rely on the
detection of an electrical property and are normally classed according to the mode of
measurement, i.c., potentiometric, conductmetric or amperometric, {Pejcic and
DeMarco, 2006). The most important consideration in electrochemical sensor design
is the understanding of the relationship between surface chemistry and reactivity.
Examination of the processes occurring at surface layers and the interaction of such
layers with biomolecules during electrochemical interrogation is the fundamental

principle behind electroanalytical techniques (Eggins, 1996)

Surface modification and immobilisation techniques that are specific for the detection
method employed and the electrical processes occurring at the sensor surface are
paramount to ensuring optimal sensor operation. This can involve tailoring surface
chemistries at electrode surfaces to improve biomolecule adsorption or altering the
bulk electrical conduction properties of the sensor by modifying the membrane
composttion (Schultze, 2000). Understanding how various parameters influence the
response mechanism and interfacial reaction kinetics will assist with the development
of electrochemical sensors with new and improved response charactenstics.
Electrochemical impedance spectroscopy (EIS) is a non-destructive steady-state
technique that is capable of probing these phenomena over a range of frequencies
{Macdonald, 1987; Fletcher, 2001).
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1.5.2.1 Impedance-based detection

Electrical impedance spectroscopy (EIS) is an effective method for probing the
features of surface-modified electrodes (Bard and Faulkner, 1980, Stoynov 1989 and
Stoynov et al., 1991). When a small-amplitude perturbing sinusoidal voltage signal is
applied to the electrochemical cell, the resnlting current response can be measured.
The impedance is calculated as the ratio between the system voltage phasor, U (ja),
and the current phasor, [ (jah, which are generated by a frequency response analyser
during the experiment. Complex impedance can be presented as the sum of the real,
Zre( @), and 1maginary, Z,,{ &) components that originate mainly from the resistive and
capacitive components of the cell, respectively.

Equation 1.5 Z(jay =%@ =Z,(D+ ]2, (0,

(o)
where w=27f, } = V-1, o equal to the Warburg impedance ( rad.s') and f is the

excitation frequency (Hz)

One of the most Important parameters governing impedance spectroscopy is the
applied frequency. At very low frequencies the impedance value is determined by the
DC-conductivity of the electrolyte solution, whereas at very high frequencies, the
inductance of the electrochemical cell and connecting wires contribute to the resulting
impedance spectra. To eliminate these effects, useful impedance spectra are recorded
at freguencies where only the interfacial properties of the modified electrodes control
the resulting data (10 mHz < f < 100 kHz). Experimental results can be analysed
graphically as in the case of Faradaic impedance spectra, usually by the use of the
Nyquist coordinates (Zy, vs. Zr), in the frame of the theoretical model (Ghindilis and
Kurochkin, 1994). Thus, impedance spectroscopy provides a suitable transduction
technigque to follow the interfacial interactions of biomolecules at electrode surfaces
(Cheng et al., 2002; Szymanska et al, 2007). EIS 1s a powerful method for the
characterisation of the structural features of sensing interfaces and for explaining the
actual events occurring at these surfaces. In this thesis, the development of a labeless

impedance-based sensor for the detection of InlB is described.
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1.6 Target molecules for immunosensor development

Immunoassays rely on the specific interaction between antibody and antigen for
analyte determination (Ekins, 1999). Recent advances in antibody technology have
altowed for the standardisation of antibody preparations and revolutionised their use
as clinical and diagnostic tools. Given the unique specificity of antibodies and the use
of antibody libraries, common biosensor formats can now be easily and quickly
adapted for the detection of specific analytes in solution without the need for

developing individual chromatographic assay separation techniques (Hock, 1997).

Point of care (POC) diagnostic mstruments are becoming more important in the
current climate and the need for rapid, disposable polymer biochips for the detection
of clinically important analytes is a key issue. Photostable fluorescent probes can be
used to muitiplex assays in chip format and the use of novel fluorescent labels such as
quantum dots and nanoparticles, in the development of biochip and microarray
platforms is paramount in the advancement of such systems. Characterisation of novel
fluorescent labels on solid-phase platforms is an essential step, prior to transfer to
biochip, as are comparative studies based on traditional immunochemical techmques
such as ELISA. This allows determination of the advantages of novel labels with

respect to assay performance, speed and detection limits attainable.

The work in this thesis describes the development of novel antibody-based biosensors
that employ both optical and electrochemical transduction methods for the detection
of a hapten, bacterial proteins and whole cells. Three distinctly different target
molecules were chosen for the development of the antibody-based biosensors
described in this research. Internalin B (InIB), an invasion-associated protein of
Listeria monocytogenes, parvovirus B 19, the first human parvovirus and warfarin, the
ninth most prescribed drug in the world. The following sections give a general
overview of structure and function of each target and their climical importance for

detection.
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1.6.1 Warfarin

Warfarm, a synthetic derrvative of 4-hydroxycoumarin, is the most widely prescribed
oral anticoagulant for the management of a wide variety of thromboembolic disorders
such as atrial fibrillation and deep vein thrombosis (Hirsh et al., 2001). It is a vitamin
K antagonist and, therefore, an indirect anti-coagulant. Vitamin K is a necessary
element for the synthesis of a number of clotting factors in the blood (II, VI, IX and
X). The production of these clotting factors is dependent on the carboxylation of
giutamic acid residues, a process requiring the presence of vitamin K, a co-factor in
the production of carboxylase (Cooke ef al, 1997). The carboxylation of glutamate
residues on the N-terminal portion of the clotting factors determines the required
structure for the binding of calcium ioms. It is these calcium ions that control the
interaction of the clotting factors with negatively charged phospholipid surfaces such
as platelets, thereby greatly enhancing the coagulation cascade and fibrin formation
(Mueller, 2004). Warfarm reduces the rate at which these factors are produced, thus

producing an anticoagulant effect. Figare 1.11 shows the basic structure of warfarin.

OH

Figure 1.11 Structure of warfarin

The amount of functional vitamin K-dependent clotting factors produced can be
reduced by up to 50% by the administration of warfarin therapy (Majerus et al,
1996). Warfarin is nearly always administered orally and is absorbed rapidly, with
peak blood levels attained after 90 minutes (King et al., 1995). The plasma haif-life is
between 36-42 hours; however, plasma concentrations do not correlate well with
anticoagulant effect, implying variable hepatic metabolism in different individuals
{Prandoni and Wright, 1942). Warfarin can be detected in the plasma one hour after
oral administration, and peak concentrations occur two to eight hours later. The drug
is highly bound to plasma proteins (~99%) and is metabolised 1n the liver and
kidueys, with the subsequent production of inactive metabolites that are excreted in

the urine and stool.
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There is currently a wide range of analytical techniques available for the
determination of warfarin in biological tluids, ranging from chromatography to
phosphorescence-based measurements (Capitan-Vallvey et al, 1999; Osman et al,
20035; Hou et ai., 2007). However, these anaiytical techniques involve lengthy sample
pre-treatment and post-column reactions for the determination of unbound warfarin in
plasma samples. The current trend in warfarin therapy is towards lower intensity
treatment. Consequently, there 15 the need to develop more sensitive analytical

techniques capable of detecting lower concentrations of warfarin in biological flmds.

Fitzpatrick and O’Kennedy (2004) describe the development of a Biacore-based
inhibition immunoassay for the determination of warfarin 1n plasma ultrafiltrate. This
format demonstrated a range of detection from approximately 4-250 ng/ml, which is
within the clinical range and showed good reproducibility and robustness. The use of
surface plasmon resonance technology for the detection of warfarin provides a viable
alternative to traditional chromatographic techniques. However, recent advances in
polymer technology and fluorescence-based detection methods have identified the
importance of microarray and biochip formats in immunoassay development (Bashir,
2004; Wacker er al., 2004). Therefore, improved fluorescent labels such as quantum
dots and porphyrin dyes were evaluated for the development of sensitive and
reproducible immunoassays for the detection of warfarin. The use of these novel
fluorescent labels 1n plate-based assays and validation of such assays would then
facilitate transfer of such optimised reagents to chip-based methods for the detection

of warfarin
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1.6.2 Listeria monocytogenes

Listeria monocytogenes 1s an important food-borne pathogen with an extremely high
mortality rate of approximately 30%. Listeria monocytogenes is a gram-positive
facultatively anaerobic rod-shaped bacterium that grows between 1 - 45°C (Jones and
Secliger, 1992). It is responsible for most food-borne outbreaks of listeriosis and
belongs to the bactenal genus Listeria. Currently, there are six recogmzed species of
Listeria (L. innocua, L. ivanovii, L. monocytogenes, L. grayi, L. seeligeri, L.
welshimert), with L. monocytogenes the principal human pathogen. L monocyiogenes
can be readily isolated from a number of sources such as, soil, water, plants, fertilizer

and processed foods, even when stored at 4°C (Southwick and Purich, 1996).

Listeriosis is most prevalent in immunocompromised patients, with the risk of
infection up 1000 times more likely than that of the general public (Jensen ez af.,
1994). The elderly, pregnant women and newboms are also especially at risk to
listeriosis, however, the general population can also be susceptible (Hof, 2003). In
most cases of infection, symptoms present as those commonly associated with food
poisoning and mnclude fever, vomiting, diarrhoea and headache. In more severe cases,
listeriosis can cause gastroenteritis, meningitis, septicacmia, and meningo-
encephalitis. Links have aiso been found between listeriosis infection and
spontaneous abortion and stillbirth (Doganay, 2003). The ability of the bacteria 1o
cross the intestinal, bloodbrain and foeto-placental barriers during imfection is an
important consideration in understanding the pathogenic effect of the disease. In all
infected tissues, Listeria is intracellular owing to s capacity to survive in phagocytic
cells and also to invade and survive in non-phagocytic cells (Cossart ez al., 2003). The
bacteria rely onm actin-based motility to spread from cell to cell, escaping the
internalisation vacuole by this method. A family of bacterial cell-wall surface proteins
known as the internalins aid in this process by promoting entry into epithelial cells

and hepatocytes (Dramsi ef al., 1995).

The life cycle of L. monocytogenes m host cells is described in detail by Southwick
and Purich (1996) and involves a number of distinct stages. The initial entry of the
bacteria into the host cells is dependent on virulence factors. Phagocytosed L.

monocytogenes survive the phagocytic vacuole by activation of listeriolysin O (LL.O)
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and the bacterial metalloprotease (MpL) as the pH inside the phagolysosome drops
(Cossart, 2002). This disrupts the phagosomal membranes and allows the bacteria to
escape into the cytosol. Within the cytosol the L. monocytogenes cells replicate and
direct celi-to-cell spread using actin-based motility. The internalin family of proteins
are involved in the invasion of host cells, with Internalin A (InlA) and Internalin B
(IniB) the most important. The structure of the internalins is characterised by the
presence of two distinct repeat regions separated by an inter-repeat region (Schubert
et al., 2001). The proteins generally comprise a short N-terminal conserved cap
region, followed by several leucine-rich repeats (LRR), an inter-repeat (‘IgG-like’)
region and a second repeat region known as the B repeats (Bierne and Cossart, 2002).
The research described in this thesis focuses on the study of Internalin B (InIB) and
Figure 1.12 illustrates the InlB amino acid structure and the regions and domains into
which it can be divided.

N Terminus

@% J Cap Domain 36-85aa

‘Leucine-rich’ Repeats (LRR)
86-239aa -F3

Inter Repeats (TR} 240-321aa
‘TgG-like’ domam - F4

C Terminus yd i NP ] B Repeats 322-392aa - F5

] GW Repeats 393-630aa - Full protein

Fig. 1.12 Internalin B amino acid structure. The amino acid sequence of the InlB
protein is organised into a number of distinct domains. Schematic domain
organization of full length InlB, comprising an N-terminal signal sequence (residues
1-35), cap domain (36-85), LRR-domain (86—239), IR-region (240-321), B-repeat
(322-392) and three GW-modules (393-630). This schematic also shows how the full
recombinant Internalin B protein was divided into three smaller peptide fragments for
epitope mapping F3, F4 and F5. F3 covers amino acids 0-239, F4 covers amino acids
0-327 and F5 covers amino acids 0-392 (Adapted from Schubert et al., 2001;
Freiberg et al., 2004}.
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InlB promotes invasion into the host cell by activation of phosphatidylinositol-3-
kinase (Ireton and Cossart, 1997). The InlB protein contans four distinct domains,
similar to the other members of the internalin family. The amino terminal part of the
protein incorporates the internalin domam, housing the cap domain, ‘leucine-rich’
repeats (LRR) and inter-repeat (IR) region and is involved in Met recognition. The
LLRR provide a structural framework for the formation of protein-protein interactions
(Kobe and Kajava, 2001), whereas the carboxy-terminal anchors the protein to the cell
via the GW repeat domains. These repeats cause a loose association of the protein to
the bacterial surface through non-covalent interactions with lipoteichoic acid. This is a
membrane-anchored polymer that 1s present on the surface of Gram-positive bacteria

{(Jonquieres et al., 1999)

L. monocytogenes can be found 1n a wide variety of foods such as soft cheeses, pate,
processed meats, chicken, shellfish and milk (Rea et al., 1992; Dalton ef al., 1997,
Bollingsworth, 1999; de Valk et ai., 2001). The isolation of L. monocytogenes from
these foodstuffs and the link of food-poisoning outbreaks to Listeria-contaminated
samples, have prompted the development of more rapid and sensitive methods for
detection. Traditionally, recognition of L. monocytogenes in a sample was performed
using immunoassays which target the whole bacterial cell (Mena ef al.,, 2004). These
methods can be both dangerous and time-consuming in that pathogenic bacterial cells
are involved. An mmproved technique for the detection of Listeria, employing the I.
monocytogenes cell surface proteins InlB as antigenic determinant, was investigated
for the development of optunised systems described in this thesis. The use of L.
monocytogenes-derived recombinant proteins such as InlB in assay development
eliminates the need to culture and handle pathogenic cells and a constant supply of
antigen can be maintained. Both electrochemical and optical-based sensing methods
were examined for the enhanced detection of InlB. Novel fluorescent labels were
characterised on solid-phase platforms prior to transfer to a biochip for enhanced
detection of InlB. Impedance-based detection of IniB was also investigated and the
development of a novel platform for the labeless sensing of InlB via impedimetric

transduction described.



1.6.3 Parvovirus

Parvovirus is a small un-enveloped single stranded DNA virus (Coon, 2003). The
members of the parvo-viridae are among the smallest of all DNA viruses. Its members
infect many species, from insects to higher animals, but only one member, parvovirus
B 19, is able to cause human disease. Infection with Parvovirus B19 is common in
humans and symptoms range from completely asymptomatic infection to serious and
potentially fatal conditions in a minority of the population (Brown, 2004). Figure
1.13 shows an x-ray crystallographic image of Parvovirus B19, the human strain of

this disease.

Fig 1.13 X-ray crystallographic image of the Parvovirus B19 capsid protein VP2
particle {obtained from Barbel Kaufmann et af., 2005).

Parvovirus B19 can cause many illnesses ranging from a deadly infection to anaemia
and arthropathy, depending on the age and immune status of the affected patient
(Coon et al., 2003). In children, infection commonly manifests as Fifth disease or
erythema infectiosum, whereas in adults, especially women, polyarthropathy 1s
common. In immunosuppressed patients manifestation is as pure red cell aplasia, and
during pregnancy as hydrops fetalis or intrauterine death (Young and Brown, 2004).
Many assays are available to test for parvovirus infections and these inciude antibody
serology studies, DNA-based methods such as PCR and various methods based on
antigen detection. Parvovirus first emerged in the 1970’s as a discase affecting dogs
and cats caused by the tiny virus effecting eukaryotes. In both species, parvovirus
causes serious problems for newborns and can be fatal; older animals can suffer some
effects, but they are mild and temporary. The virus can stay active in soil for long
periods of time, so dogs must be vaccinated close to birth, immediately after maternal
antibodies wane. In 1975, Cossart ef al., discovered the human form, Parvovirus B19,
to be the causative agent of Fifth disease, a mild rash on the body, typically described

by doctors as a "slapped-cheek” pattern on the face. Transmission 15 greatest during
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viraemia prior to symptoms arising and the virus is mainly spread via acrosol droplets
through the respiratory route. It is usually transmitied by hand-to-mouth contact,
blood or blood products but can also be spread transplacentally to the foetus during
active maternal infection, with infection rates of up to 33% reported (Anonymous,
1990). During outbreaks, which predominantly occur in winter and spring time,
mfection rates of up to 50% have been noted 1n the school and home, respectively
(Anderson, 1987).

Parvovirus B19 preferentially infects and replicates mm erythroid cells. Erythrocytes
will lyse causing erythropoiesis, following Parvovirns B19 infection and limphocyte,
granulocyte and platelet counts may also fall during infection. The incubation period
for the virus is usvally 4-14 days and all non-immune individuals are susceptible
(which can be up to 50% of the population). The highest risk of infection for pregnant
women is during epidemics and followmg exposure to infected children (Valeur-
Jensen, 1999). Persons with pre-existing anaemia and congenital or acquired
immunodeficiencies are also highly susceptible. The consequences of parvovirus
infection during pregnancy are extremely serious (De Yong et al., 2004), the main
risk being foetal anaemia which can lead to Non-Immune Hydrops Fetalis (NIHF),
resulting in miscarriage. It has been estimated that maternal Parvovirus B19 infection
occurs in approximately 1 in every 400 pregnancies and up to 20% of NIHF is
parvovirus B19 related (Jordan, 1996). The majority of foetal losses due to B19
infection occur in the second trimester and most pregnant woman are asymptomatic,
therefore, the only was to identify patients at risk is to screen for parvovirus B19

antibod:es and treat appropriately.

Parvovirus B19 infection is also a major concern for transplant patients. Parvovirus
B19 can cause acute or chronic aplastic anaemia in organ transplant recipients and can
contribute to some cases of rejection (Murer et af, 2000). Patients who have
undergone an organ transplant are at risk of developing Parvovirus B19 due to
acquired infection from the transplanted organ and blood transfusions. However,
mtravenous immunoglobulin (IVIG) therapy bas been shown to be effective in

treating chronic Parvovirus B19 infection in transplant patients.
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Parvovirus B19 has been associated with persistent chronic anaemia and with
transient aplastic crisis in children with sickle cell disease. Reports suggest that
Parvovirus B19 can be transmitted through blood transfusions and plasma-derived
products (Prowse et al., 1997). B19 is a non-enveloped virus and is resistant to high
temperatures and most solvent-detergent treatments. Despite this fact, routine
screening of blood products for B19 DNA does not occur. It was suggested that
indrvidval donors should be screened for B19 I2G and those with continually high
levels could be identified. The blood or plasma from these donors could then not be
used for treatment of any immunocompromised or other high risk patients, thereby
reducing the risk of B19 infection (Yoto et al., 1995). Although intravenous
immunogiobulin (IVIG) therapy is effective for the treatment of Parvovirus B19

infection in hurnans, work is currently being carried out to produce a vaccine.

There are many different diagnostic tests available for the detection of Parvovirus B19
(Beersma ef al., 2005; Peterlana et al., 2006; Wong & Brown, 2006). However, with
the increasing use of microarray and chip-based technologies in diagnostics, there is a
need for the development of sensitive and reproducible assays that employ
fluorescence-based methods for the detection of Parvovirus-associated antigens. The
successful development of fluorescence and chemiluminescence-based unmunoassays
for the detection of Parvovirus antigens in plate-based assays would facilitate further
investigation of thesc methods and their potential transfer to novel chip-based

formats.
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1.7 Aims of research

The overall aum of this thesis was the development of novel biosensing strategies {or
the detection of haptens, proteins and whole cells. Assays were developed for the
detection of InlB, warfarin and Parvovirus B19, using antibody-based methods, The
research sought to exploit novel antigens, antibodies, labels and immobilisation
strategies. Optical and electrochemical-based techniques were investigated using a

number of detection methods including microscopy, biosensors and immunoassays.

Chapter 3 describes the production and characterisation of L. monocytogenes-specific
recombmant InlB protein fragments. Recombinant InlB protein was sub-divided into
three shorter overlapping peptide fragments which were cloned into both the pQE-60
vector for His purification and the pAC4 vector for in vive biotinylation. Following
high-level expression, the recombinant proteins were purified using immobilised
metal affimty chromatography (IMAC) and avidin affinity chromatography.
Extensive characterisation of the cloned proteins using SDS-PAGE, Western blotting
and Biacore was performed. The InlB protein fragments were subsequently used m

the development of novel biosensing strategies for the detection of InlB.

Chapter 4 describes the development of fluorescence-based biosensing strategies for
the detection of InlB, warfarin, Parvovirus B19 and human IgG. Solid-phase plate
based methods were employed to investigate novel fluorescent labels, such as
quantum dots, porphyrins and dye-doped nanoparticles. Subsequent transfer to a
biochip format was undertaken for some of the assays and optimisation of

immeobilisation strategies explored.

Chapter 5 describes the development of a labeless impedance-based immunosensor
for the detection of InlB. Electrochemical impedance spectroscopy technigues were
used to investigate ‘labeless’ detection via impedimetric transduction. Sensors were
fabricated by electropolymerising planar screen printed carbon electrodes with
polyaniline to produce a conductive substrate and biomolecules were subsequently
mcorporated onto the polyaniline layer. Upon exposure to a range of concentrations of
antigen solution, complex plane impedance analyses were performed to assess the
mmpedance of the polymer, thereby allowing the amount of bound antigen to be

determined.
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Chapter 2: Materials and Methods
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2.1 Material and equipment

2.1.1 Materials

All reagents and chemicals were of analytical grade and supplied by Sigma-Aldrich
Co. (Poole, Dorset, U.K ), unless listed below (Table 2.1).

Table 2.1: Reagents and chemicals used and the relevant suppliers.

Reagent

Supplier

Acetic acid

Hydrochloric acid

Riedel de-Haen AG,
Wunstorfer, Strabe 40, D-30926,

Hannover, Germany.

Sodium di-hydrogen orthophosphate
Di-sodium hydrogen orthophosphate

Sodium chloride

BDH Laboratory Supplies ,
Poole, Dorset,
BHI15 1TD, UK.

Amuno-propyltrrethoxy-silane (APS)

Fisher Scientific UK,
Bishop Meadows Rd., Loughborough,
Leics. LE115RG.

pAC 4 vector
AVB 101 E. Coli

Avidity Corporation,
1899 Gaylord St.,
Denver, CO 80206, USA.

BamH]1 enzyme
Ncol enzyme
Notl enzyme

T4 DNA ligase

Biosciences,

13 Charlemont Tce.,
Crofton Rd.,
Dun Laoghaire,
Co. Dublin.

Bicinchoninic acid assay (BCA) kit
Neutravidin
Immunopure Avidin
Biotin-Sulfo-NHS
Pre-stained MW markers (Blueranger)

Pierce Biotechnology Inc.,
North Meridian Rd.,
PO box 117,
Rockford, IL..,
611035, USA.

Ni-NTA resm
pQE-60 vector

QIAgen, QIAgen House,
Fleming Way, Crawley,
West Sussex, UK.
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DNA Punfication System Promega Corporation,
Wizard Mini Prep Kit 2800 Wood Hollow Rd.,
Madison, W1,
53711-5399, USA.
PCR prumers MWG-Biotech 1.td.,
Sequencing Milton Keynes,
MK12 5RD, UK.

Quantum Dot Streptavidin Conjugate

Quantum Dot Corporation,
26118 Research Rd.,
Hayward, CA.,
94545, USA.

Foetal calf serum
L-glutamine (200mM)
Non-essential amino acids (100x)
Sodium Pyruvate (100mM)

Gibco BRL,
Trident House, Renfrew Rd.,
Paisley, PA4 ORF,
Scotland, UK

Osmium Tetroxide

Fluka Chimie AG,
Industriestrasse 25,
9471 Buchs, Switzerland

Platinum Porphyrin dye Luxcel Biosciences,
University College Cork,
Lee Maltings, Cork.
Cy 5 reactive dye Amersham Pharmacia Biotech AB,
SE-751 84, Uppsala,
Sweden.
Tryptone (L0021) Oxoid,
Agar TFechnical (L0013) Basingstoke,
Yeast Extract (L0042) Hampshire,
Brain heart infusion broth (BHI) (CM225) RG24 8PW,
Listeria enrichment broth (LEB) {CMR863) UK.
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2.1.2 Equipment

Table 2.2: List detailing equipment used and the relevant suppliers.

Equipment

Supplier

3015 pH meter

Jenway Ltd.,
Gransmore Green,

Felsted, Dummow, Essex, UK.

Atto dual minislab AE-6450

Medical Supply Company (MSC),

Atto AE-6100 Damastown, Mulhuddart,
Hybrid PCR express Dublin 15,
Ireland.
Beckman ultracentrifuge (L&-70M) Beckman-Coulter Inc.,
Beckman centrifuge (J2-21) 4300N Harbour Boulevard,
Fullerton, CA 92834-3100, USA.
Biacore™ 1000 & 3000 Biacore AB,
2 Meadway Court,

Meadway, Stevenage, Herts.,
SGI 2EF, UK.

Nikon Diaphot inverted microscope

Nikon Fluorescent microscope {TE2000)

Nikon Corporation,
2-3 Marunouchi
3-chome, Chiyoda-ku,
Tokyo, Japan.

Ultrafiltration Stured Cell (8400)

Ammicon Inc.,

72 Cherry Hill Drive,
Beverly, MA,,
01915, USA.

Stuart Platform Shaker (STR6)

Lennox, P.O. Box 212A,
John F.Kennedy Drive,
Naas Rd.,
Dublin 12.

Biometra T gradient Uno II

Thermocycler

Anachem Ltd., Anachem House,
Charles St., Luton,
Bedfordshire, UK.
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Trans-Blot Semu-Dry Electrophoretic
Transfer Cell (170-3940)

Econo-Pac™ chromatography column

BioRad Laboratories Inc.,
BioRad House,
Maylands Ave., Hemel Hempstead,
Hertfordshire, UK.

Eppendorf centrifuge (5810 R)

Eppendorf AG,
10 Signet Court,
Swann Rd., Cambridge, UK.

Eppendorf tubes

Sarstedst,
Drinagh,
Wexford, Ireland.

Grant waterbath (Y6)

Grant Instruments (Cambridge) Ltd.,
29 Station Rd., Shepreth, Royston,
Hertfordshire, UK.

Heraeus Christ Labofuge 6000

Heraeus Instruments Inc.
111-a Corporate Blvd.
South Plainfield, NJ, USA.

Image Master VSD gel documentation

system

Amersham Pharmacia Biotech AB,
SE-751 84, Uppsala, Sweden.

NUNC Maxisorb plates

NUNC, Kamstrup DK,
Roskilde, Denymark. .

Orbital imcubator (100X400.XX1.C)

Sanyo Gallenkamp Plc, Monarch Way,
Belton Park, Loughborough,
Yeicester, UK.

SB1 Blood tube rotator

Stuart Scientific, Holmethrope Industrial
Est., Redhill, Surrey, UK.

Stuart platform shaker (STR 6) Lennox, John F Kennedy Industrial Est.,
Naas Rd., Dublin 12, Ireland.
Tomy Autoclave (SS 325) Mason Technology,

Greenville Hall, 228 South Circular Rd.,
Dublin 8, Ireland.

UV-160A spectrophotometer

Shimadzu Corp., Albert-Hahn-Str. 6-10,
47269 Duisburg, Germany.
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Safire” Platercader

Tecan Ausiria GmbH,
Untersbergstrasse 1a, A-5082 Grodig /
Salzburg, Auvstria.

CMS35 Sensor Chips Biacore AB, Sovereign Court,
230 Upper 5th Street, Milton Keynes,
MKS9 2HR, UK.
Carbon screen-printed electrode Microarray 1.td., The Fairbairn Building,
assemblies 72 Sackville Street,

Manchester, M0 1QD, UK.

(Qlcam Fast 1394 monochromatic camera

4401 Still Creek Drive, Suite 100

Burnaby BC Canada V5C 6GY
Image Pro Plus Slidepath, INVENT,
fluorescent imaging software Dublin City University,
Dublin 9.

Hitachi S 300N

Scanning Electron Microscope

Hitachi Corp. Litd., 6-6 Marunouchi
1-chome, Chiyoda-ku,
Tokyo, Japan.

Sycopel PCI-100 MK3 Potentiostat

Sycopel Scientific Ltd, 15 Sedling Rd

PC interface Wear Ind. Est., Washington, Tyne & Wear
NE38 9BZ, UK.
ACM Auto AC DSP frequency ACM Instruments, 125 Station Rd, Cark,
response analyser Grange-over-Sands, Cumbria, UK,
LA117NY, UK.
Philip’s CM12 Tunneling Electron Philips Medical Systemns,
Microscope (TEM) The Observatory,

Castlefield Road, Reigate, Surrey
RH2 OFY, UK.

PD-10 Desalting Columns

Amersham Pharmacia Biotech AB,
SE-751 84, Uppsala, Sweden.

Vivaspin Concentrator (5000 MWCQO)

Vivascience AG,
Sartorius Group, 30625 Hannover,

Germany.
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2.1.3 Composition of culture media

Table 2.3: Composition of culture media used.

Culture Media* Formulation

2x Tryptone Yeast extract (2x TY) medium Tryptone . 16 g/,
Yeast extract 10 gfl,
NaCl 5 g/l

Luria Broth medium Tryptone 10 g/1,
Yeast extract 5 g/,

NaCl 10 g/t.
Super Broth medium MOPS 10 g/1,
Yeast Extract 20 g/l,

Tryptone 30 g/l.

Terrific Broth medium Tryptone 12 g/l,
Yeast extract 24 ofl,

Glycerol 4 ml/],

KH,PO, 17mM,

KoHPO, 72mM.
Super Optimal Catabolite (SOC) medium Tryptone 20 g,
Yeast extract 5¢/l,

NaCl 0.5 g/,

KCl 2.5mM,
MgCl, 20mM,
Glucose 20mM.
Brain Heart Infusion BHI 54.4 g/1.
Listeria-Enrichment Broth LEB 37 g/l.

* Solid medium was prepared by adding 15 g/l of bacteriological agar to the above

medium
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2.1.4 Standard buffers

Table 2.4: Composition of buffers used.

Solution

Composition

Phosphate buffered saline (PBS)

150mM NaCl,
2.5mM KCl,
10mM Na,HPOq,
18mM KH,PO,,
pH7.4.

Phosphate buffered saline -Tween
(PBST)

150mM NaCl,
2.5mM KCl,
10mM Na,HPO,,
18mM KH;PO,,
Q.05% (viv) Tween 20,
pH7.4.

Hepes Buffered saline (HBS)

10mM Hepes,
150mM NaCl,
3.4mM EDTA,
0.05% (v/v) Tween 20,
pH 7.4

Tris Buffered Saline (TBS)

10mM Tris-HCI,
150mM NaCl,
pH 8.0.

Aniline hydrochloride

monomer solution

0.2M aniline hydrochloride,
0.5M KC1,
0.3M HC,
pH 1.0

Sodium cacodylate buffer*

0.1 M Sodium Cacodylaie,
pH 7.3.

Sodium phosphate buffer

0.1M NagHPO4,
pH 4.3 with 1M HC1.
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Denaturing buffer 8M Urea,
100mM NaH,PO;,
10mM Tris,
pH 8.0.

Carbonate buffer 0.2M Na,COs3,
0.2M NaHCO;,
pH 9.5.

Tris-acetate/EDTA 40mM Tris-acetate ,
electrophoresis buffer (TAE) 1mM EDTA,
pH 8.0.

Tris-EDTA sucrose buffer (TES) 200mM Tris-HCI,

0.5M Sucrose,

0.5mM EDTA,
pH 8.0

Alkaline-Cetyl Trimethyl Ammonium 3ImM CTAB,
Bromude (CTAB) solution ImM NaOH,
pH 8.0.

* Denotes toxic material. Use according to manufacturer’s instructions and with extreme caution.

2.1.5 Bacterial strains

Table 2.5 Bacterial host strains and their genotypes

Bacterial strain Genotype
XL-1 Blue E. colr RecA endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F'proAB
laclf ZAM15 Tal0 (Tet'}]

AVB 101 E. coli K12 strain [MC1061 araD139 delta(ara-leu)7696 delta(lacjl74
galll galK hsdR2(rg.mg.,) mcrBI rpsL(Str )]

INVoF E. coli F'endAlT recAl hsdR17 (ry, my"} supE44 thi-1 gyrA96
relAl g80lacZAMIS A (lacZYA-argF) Ul6 A

TG1 E. coli F’ traD36 lucl? A(lacZ)M15 proA*B*/supE A(hsdM-mcrB)5
(rinyMcrB') thi A(lac-proAB)
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X1.-10 Gold E. coli

Tef® A (uypA) 183A(mcrCB-hsdSMR-mrr) 173 endAl supE44
thi-1, recAl gyrA96, relAl, lacHte [F’ proAB lacl"ZAM15
Tnl0 (Tet®) Amy Cam"J

TOP 10 F E. colr

F'flacl® Tnl0(Tet")} mcrA delta(mrr-hsdRMS-mcrBC)
phi8OlacZdeliaM15 delialacX74 deoR recAl araD139
delta(ara-leu)7697 galll galK rpsL (Str*) endAl nupG

2.1.6 Cell culture of mammalian cell lines

Table 2.6: Mammalian cell lines

Abbreviation Cell Line
BAEC Bovine Aortic Endothelial cells
HASM Human Aortic Smooth Muscle cells
RASM Rat Aortic Smooth Muscle ceils
S$p2/0 (ATCC CRI. 1581) Mouse myeloma cells

2.1.7 Cell culture media preparation

Table 2.7: Cell culture media preparation

Media

Composition

BAEC/RASM/HASM Dulbecco’s Modification of Eagle’s Medium (DMEM)

Growth Media

Supplemented with —
Foetal Calf Serum 10% (v/v),
L-glutamine (ZmM),
Penicillin /Streptomycin 1% (v/v).

Monoclonal Antibody Dulbecco’s Modification of Eagle's Medium (DMEM)

Growth Media

Supplemented with —
Feetal Calf Serum 10% (v/v),
L-glutamine (2mM),
Sodium Pyruvate 1% (v/v),

Non-essential amino acids 1% (v/v),

Gentamycin (25pgfml).
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2.2 Cloning and expression of Listeria monocytogenes-specific protein fragments
in pQE-60 vector.

E. coli XL-10 Gold cells containing the plasmid pQE-60, bearing the Internalin B
(InlB) gene, were kindly donated by Dr. Paul Leonard, Applied Biochemstry Group,
Dublin City University. The previously expressed recombinant InlB protein was used
as a template for the cloning and expression of smaller InlB protein fragments into the

PQE-60 vector (Qiagen Ltd., Crawley, West Sussex, UK).

2.2.1 Plasmid DNA purification using miniprep DNA purification system

A Promega Wizard™ Plus SV Miniprep DNA purification system was used to purify
plasmid DNA as follows: single colonies of E. coli cells harbouring the plasmid were
inoculated in 5ml of LB broth, containing the appropriate antibiotics, and grown while
shaking at 37°C overnight. The overnight culture was centrifuged at 10,000 x g for 20
min. The supernatant was discarded and the tube was blotted on tissu¢ paper to
remove any remaining supernatant. The bacterial pellet was completely resuspended
in 250pl of cell resuspension solution (30mM Tris-HCL, pH 7.5, 10mM EDTA and
10pg RNase A) by repeated pipetting The resuspended pellet was then transferred to
a sterile 1.5ml microcentrifuge tube and 250 i of cell lysis solution (0.2M NaOIT and
1% (w/v) SDS) was added and mixed gently by inverting the tube four times. The
suspension was then incubated at room temperature for approximately 5 min, until the
cell suspension cleared, to ensure complete cell lysis. Alkaline protease solution
(10pl) was then added and mixed by inverting the tube four times. After five minutes
incubation, 350pl of neutralisation solution (buffer containing 4.09 M guanidine
hydrochloride, 0.795 M potassium acetate and 2.12 M glacial acetic acid, pH 4.2) was
added and mixed by inversion. The bacterial lysate was then centrifuged at 10,000 x g
for 10 mins at room temperature. The cleared bacterial lysate was transferred to a spin
column and centrifuged at 10,000 x g for 1 minute at room temperature, after which
the spin column was removed and the flow-through discarded. The spin column was
re-inserted into the collection tube and 750ul of column wash solution (162.8mM
potassivm acetate, 22.6mM Tris-HCl, pH 7.5 and 0.109mM EDTA) previously
diluted with ethanol to 95% (v/v) final concentration, was added. The column was
then centrifuged at 10,000 x g for 1 min at room temperature and the flow-through
discarded. Wash solution (250ul) was added to the column, which was then
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centrifuged at 10,000 x g for 2 min at room temperature. The spin column was then
transferred to a sterile 1.5ml microcentrifuge tube and the plasmid DNA was eloted
from the column by adding 100l of autoclaved upH,0. The columm was centrifuged
at 10,000 x g for 1 min at room temperature. The eluted plasmid DNA was then stored

at -20°C.

2.2.2 A garose gel electrophoresis for DNA characterisation

DNA samples were analysed by horizontal electrophoresis in agarose gels containing
0.5ug/m] ethidiom bromide®, using an Atto horizontal gel apparatus. Gels were
prepared by dissolving 0.5g electrophoresis grade agarose in 50ml 1xTAE and boiling
the mixture in a microwave oven (this gives a 1% w/v gel). Ethidium bromide was
added to the solubilised agarose to yield a final concentration of 0.5pg/ml. When the
solution had cooled sufficiently, the gel was poured into a horizontal gel platform,
combs inserted and the gel left to solidify. Once set, the gel was placed in the
electrophoresis unit filled with 1x TAE buffer and the comb removed. A loading dye
was incorporated into the DNA samples (1l of dye to 5ul of sample) to facilitate
loading, The samples were resolved by applying a direct current of appropriate
voltage. Mini- and maxi-gels were run at 100V for 1 hour or until the tracking dye
reached the base of the gel. Gels were then visualised on a UV transilluminator and
photographed using a UV image analyser (Image master VSD system, Amersham

Pharmacia).

* Denotes toxic material. Use according to manufacturer’s instructions and with extreme caution.

2.2.3 DNA agarose gel purification

DNA was purified from the agarose gel using a Wizard™ PCR-prep purification Kit.
DNA was clectrophioresed on a 1% (w/v) low melt agarose gel at 70V for
approximately 1 - 2 hours. The gel was then visualised under ultra violet (UV) light
and the bands of interest excised from the gel using a sterile scalpel and placed in a
sterile 1.5ml microcentrifuge tube. The gel bands were then incubated in a 70°C water
bath until the gel was completely melted. Immediately after the gel melted 1m} of
resin was added. The gel resin-mix was then flushed through a Wizard mini-column
using a Sml syringe barrel. The mini-column was then washed with 2ml of 80% (v/v)

propanol. The syringe barrel was then removed and the mini-column placed in a fresh
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1.5ml microcentrifuge tube. The column and eppendorf were then centrifuged at
10,000 x g for 2 min, to remove the propanol. The column was once again transferred
to a fresh 1.5ml microcentrifuge tube and 50l of upH;O added. This was incubated
at room temperature for 1 mun and the column was then centrifuged at 10,000 x g for
20 s. The eluted DNA was collected in a sterile microcentrifuge tube and stored at -
20°C.

2.2.4 Preparation of high efficiency competent bacterial cells for transformation.

High efficiency competent cells were prepared as previously described by Inoue et al.,
(1990). A single E. coli colony was inoculated in 5ml of 2x TY, contaimmg the
appropriate antibiotics, and grown overnight at 37°C, while shaking. 100ml of 2x TY
was inoctulated with the overnight culture and the culture incubated, while shaking at
37°C, until the optical density at 550nm (ODssp) was between 0.3 and 0.4. The cells
were then left on ice for 15 min and centrifuged at 3200 x g for 20 min at 4°C. The
supernatant was decanted and the pellet was resuspended m 20ml of cold 100mM
MgCl,. The cells were centrifuged at 3200 x g for 20 min at 4°C and the pellet was
resuspended in 20ml of cold 50mM CaCl,. The cells were incubated on ice for 30 min
and collected by centnifugation at 3200 x g for 20 min at 4°C. The supernatant was
decanted and the cells were resuspended in 2ml of CaCl,. The CaCly-competent E.

coli were flash frozen in 200ul aliquots and stored at -80°C.

2.2.5 Sodium dodecyl sulphate — polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE analysis was used to assess protein purity and determine the apparent
molecular mass of proteins. Protein electrophoresis was performed using an Atto dual
minislab AE-6450 electrophoresis system. Polyacrylamide gel electrophoresis was
carried out using the discontinuous system in the presence of sodium dodecyl sulphate
(SDS), as described by Laemmli (1970). Table 2.8a details the composition of the
gels, running buffer and sample loading buffer. Samples for analysis (approx. 1
mg/ml) were diluted with the sample loading dye (4:1, sample: buffer) and boiled for
10 min prior to loadmg. Boiled samples (20ul) were added to the gel and
electrophoresed alongside appropriate molecular weight markers (Table 2.8b).

Initially the gels were electrophoresed at 15mA per plate until the samples migrated
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through the stacking gel and then they were electrophoresed at 20mA per plate until

the sample had migrated to the end of the gel (approximately 90 min).

Table 2.8a: Composition of SDS-PAGE gels and buffers

Solution

Composition

Stacking gel

5% (wfv) acrylamide,
0.13% (w/v) bis-acrylamide,
125mM Tris,
0.1% (wiv) SDS,
0.15% (w/v) ammoniem persulphate,
0.25% (v/v} TEMED.

Separating gel

10% (w/v) acrylamide,
0.27% (w/v) bis-acrylamide,
375mM Tris,
0.1% (wiv) SDS,
0.08% (w/v) ammonium persulphate,
0.08% (v/v) TEMED.

Sample loading buffer

60mM Tris,
25% (v/v) glycerol,
2% {viv) SDS,
14.4 mM 2-mercaptoethanol,
0.1% (w/v) bromophenol blue.

Electrophoresis buffer

25mM Tris,
192mM Glycine,
0.1% (wiv) SDS.
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Table 2.8b: Molecular weight markers used in SDS-PAGE analysis

Product

Molecular weight standards {(Daltons)

Sigma Wide Range (M4038)

Molecular weight range:
6,500- 205,000 Da

Aprotinin, bovine lung (6,500),
a-Lactalbumin, bovine milk (14,200},
Trypsin inhibitor, soybean (20,000),
Trypsinogen, bovine pancreas (24,000),
Carbonic anhydrase, bovine erythrocytes (29,000),
Glyceraldehyde-3-phosphate dehydrogenase, rabbit
_muscle (36,000),

Ovalbumin, chicken egg (45,000),
Glutamic dehydrogenase, bovine Iiver (55,000),
Albumin, bovine serum (66,000),
Phosphorylase B, rabbit muscle (97,000),
B-Galactosidase, E. colr (116,000),
Myosin, rabbit muscle (200,000).

Pierce Blaeranger™
pre-stained marker (26681)

Molecular weight range:
18,300- 215,000 Da

Lysozyme (18,300},
Trypsin mhibitor (28,000),
Carbonic anhydrase (39,200),
Ovalbumin (60,000},
Bovine serum Albumin (84,000),
Phosphorylase (120,000},
Myosin (215,000).

Amersham Rainbow™

pre-stained marker (RPN800)

Molecular weight range:
10,000- 250,000 Da

Recombimant Protein (10,000),
Recombinant Protein (15,000),
Recombinant Protein (25,000),
Recombinant Protein (30,000),
Recombinant Protein (35,000),
Recombinant Protein (30,000,
Recombinant Protein (75,000),
Recombinant Protein (105,000),
Recombinant Protein (160,000),
Recombinant Protein (250,000).

63




2.2.6 Coomassie blue staining of SDS-PAGE gels
SDS-PAGE gels were stained for 4 hours using Coomassie blue to allow visualisation

of the protein bands, and then destained overnight in destaining solution (Table 2.9).

Table 2.9: Composition of Coomassie blue staiming and destaining solutions.

Solution Composition

Coomassie blue staining solution | 0.1% (w/v) Coomassie Brilliant Blue R-250,
25% (v/v) methanol,
10% (v/v) acetic acid

Destaining solution 14% (v/v) methanol,

10% (v/v) acetic acid.

2.2.7 Western blot analysis

Proteins were transferred from SDS-PAGE gels (Section 2.2.5) to nitrocellulose
membrane by electophoretic means using a BioRad semu-dry blotter (Trans-Blot SD
Semi-Dry Electophoretic Transfer Cell 170-3940). The SDS-PAGE gel, nitroceliulose
and Whatman chromatography paper were pre-soaked in Bjerrum and Schafer-
Nielson transfer buffer, pH 9.2 (48 mM Tris, 39mM Glycine 0.0375% (w/v) SDS
20% (v/v) methanol) for 20 min. The gel was transferred to the membrane for 20 min
at 15V. The membrane was blocked overnight at 4°C with PBS (Table 2.4)
containing 5% (w/v) powdered milk. The blocked membrane was then washed using
PBS (Table 2.4) using 3 x 10min washes. The membrane was probed with the
primary antibody, made up to the appropriate working dilution in PBS (Table 2.4)
containing 1% (w/v) powdered milk. The antibody solution was left to incubate for
1.5 hours at room temperature, and the membrane washed as before. An enzyme-
labelled secondary antibody diluted to 1/2000 in PBS (Table 2.4) contaming 4% (w/v)
powdered milk was added and the blot incubated and washed as before. Colour
development was then observed following addition of the appropriate substrate,
(BCIP-NBT for alkaline-phosphatase labelled antibody or TMB for horseradish-
peroxidase labelled antibody), and the reaction stopped after 5 min, by addition of
50mM EDTA.
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2.2.8 Primer design for Epitope Mapping

Forward and reverse DNA primers were designed for the genes encoding the InlB
protein based on DNA sequences previously submitted to GenBank. The Internalin B
recombinant protein was portioned into three smaller fragments and primers designed
to code for portioning the protein at these points, (F3, F4 and F5). The F3, F4 and F5
primers were based on the sequence of the recombinant InlB protein cloned and
expressed by Chakraborty and associates (1995) from L. monocytogenes (Accession
number AJ01234-GenBank). Ncol and BamHI restriction enzyme sites were
incorporated into the forward and reverse primers, respectively, for subsequent
directional cloning into the high-level expression vector pQE-60. The DNA sequences
of the forward and reverse primers for each of the three fragments F3, F4 & F5 of the
InlB gene are shown in Table 2.10.

Table 2.10: The nucleotide sequences of the InIB-specific forward and reverse primers.

Primer DNA sequence
Ncol site
InlB forward | 5- CAT GCC ATG*GGA GAG ACT ATC ACC GTG CCA ACG C-3'
*start codon
BamH]1 site _
P3 reverse 5'- CGC GGA TCC ACA TTC TTG GCT AAA TAA TTC-3'
BamH]1 site
P4 reverse 5'- CGC GGA TCC TAC TGT GTA AAC CTC TTT CAG TGG- 3'
BamH1 site
P5 reverse 5- CGC GGA TCC TTG TTT AAG CGA GTT ATC TTC TCG - 3

2.2.9 PCR amplification of genes encoding the IniB specific proteins

Standard polymerase chain reactions (PCRs) were set up as detailed in Table 2.11.The
PCRs were used to amplify the genes encoding F3, F4 and F5 using the PCR cycle
detailed in Table 2.12. A temperature gradient PCR was performed to determine the
optimum annealing temperature for subsequent reactions and the optimum

temperature was calculated to be 55°C.
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Table 2.11: The components for a standard PCR reaction.

Component Volume in reaction

dNTP mux (10mM) 1l
Thermo buffer, containing Mg (10X) 5ul
Forward primers (0.5nM/ul) 1ul
Forward primers (0.5nM/l) 1ul
Template DNA {5-7ug) 1l

Sterile upH»0 38.5ul

Taq polymerase (1U/u1) _ 2.5

Total volume of reaction: 50u

Table 2.12: The stages and steps for a standard PCR reaction.

Stage Step Number of cycles
1 Step 1: 95°C for 10 min 1

Step 1: 95°C for | min
2 Step 2: 55°C for 30 s 30
Step 3: 72°C for | min

3 Step 1: 72°C for 10 mins 1

2.2.10 Direct Parification of insert PCR Products

Direct purification of the PCR amplifications of each of the inserts F3, F4 & F5 was
performed using a commercial kit (Promega Wizard™ PCR Prep DNA purification
systemn). Direct purification buffer (50mM KCl1, 10mM Tris-HC], pH 8.8, 1.5mM
MgCly & 0.1% (v/v) Triton® X-100) was added to 200pl of the PCR reaction
(pooled) and vortexed briefly to mix. Once the PCR reaction / buffer mixture was
sufficiently combined, 1ml of resin was added. A wizard municolumn was prepared
for each sample by attaching a 3ml luer lock syringe (with the plunger removed) to a

minicolumn with a collection fube. The resin/DNA mix was transferred to the
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syringe/column assembly and the plunger inserted to push the DNA/resin shurry
through the column. The syringe was then detached from the minicolumn, the plunger
removed from the barrel and the barrel re-attached to the column. Two ml of
isopropanol 80% (v/v) was added to the syringe and pushed through, using the
plunger, to wash the column. The syringe was then removed completely and the
rmnicolumn transferred to a fresh microcentrifuge tube. The column was then
centrifuged at 10,000 x g for 2 min at room temperature. The minicolumn was
transferred to another clean microcentrifuge tube and 50ul of ‘nuclease-free” water
added and let sit for 1 min. The column was then centrifuged at 10,000 x g for 20 s at

room temperature. The eluted DNA was stored at -20°C.

2.2.11 BamH1/Nco1 restriction analysis on E. coli transformed with pQE-60
BamHI1/Ncol restriction enzyme analysis was carried out on the pQE-60 plasmid
DNA isolated from the transformed XI.-10 Gold E. coli. Overnight cultures of the
clones for analysis were moculated in 5ml of LB with appropriate amtibiotics and
grown while shaking, overnight at 37°C. The plasmid DNA was purified from each
clone using the Wizard Plus™ SV Miniprep DNA purification system, (Section
2.2.1). BamH1/Ncol restriction enzyme digests were set up as follows, (Table 2.13).

Table 2.13: Components for restriction digest

Component Volume in reaction
NE buffer 2 (10X) Sul
BSA (10mg/ml) 0.5ul
Plasmid DNA 10l
UpH:O (Sterle) 30 5ul
BamH1 (10U/pl) 2ui
Ncol (10U7uI) 2ul
Total Volnme of reaction: 50
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2.2.12 Ligation of InlB insert into pQE60 plasmid DNA

A single XL-10 gold E. coli colony harbouring pQE-60 was grown overnight in 5mi
of LB broth containing 100 pg/ml ampicillin, while shaking at 37°C. The pQE-60
plasmid DNA was purified using the Promega Wizard Plus™ Miniprep DNA
purtfication system (Section 2.2.1). The pQE-60 plasmid DNA was then lincarised
using a BamHI1 / Ncol restriction digest as described in Section 2.2.11 and the
linearised plasmid was gel purified, following agarose gel electrophoresis, using the
Wizard™ PCR-prep purification kit (Section 2.2.3). The DNA encoding the gene of
interest was then directionally cloned into the linearised pQE-60 using T4 DNA

ligase. The ligation reaction was set up as shown 1n table 2.14.

Table 2.14: Components of ligation reaction

Component Volume in reaction
pQE-60 DNA 4pul
Gene of insert 4ul
T4 DNA hgase (1U/uD) 1ul
Ligation buffer (10X) 1ul
Total volume of reaction: 10wl

The ligation reaction was incubated at 14°C for at least 4 hours, but preferably
overnight. The ligation mixture was then centrifuged at 10,000g for 30 seconds and
stored at -20°C.

2.2.13 Transformation of compeient XI.-10 Gold E.coli cells with pQE-60
containing the cloned inserts

CaClz-competent XL-10 Gold E. coli were prepared as described in Section 2.2.4. The
competent XL-10 Gold E. coli were then transformed with the pQE-60, containing the
gene of interest (InlB F3, F4, or F5). Vials containing the ligation reaction were
centrifuged at 10,000 x g for 30 seconds and then placed on ice. 2{Ul of the overnight
ligation reaction was added to 50pl of competent X1-10 Gold E. coli cells and mixed
gently. The vials were then incubated on ice for 30 min. The transformation reaction

was then exposed to heat shock, by placing the vials in a 42°C water bath for 30 s and
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then directly back on ice. SOC medium (250ul) was then added to each
transformation reaction. The transformation reaction was then incubated at 37°C for 1
hour, while shaking at 225rpm. Each transformation reaction (150ul) was then spread
onto LB agar plates, containing antibiotics (100pg/ml ampicillin, 25pg/ml
chloramphenicol and 10pg/ml tetracycline). The plates were then incubated, inverted,

at 37°C for at least 18 hours.

2.2.14 Initial expression of recombinant fragments of InlB protein

Ten ml of LB broth (10 g tryptone, 5 g yeast extract and 10 g NaCl per lhire)
containing 100 pg/ml ampicillin, 25g/ml chloramphenicol and 10pg/ml tetracycline
was inoculated with 100p) of an overnight culture of E. coli X1-10 Gold cells
containing the InlB gene fragments (from a single colony). The culture was incubated
shaking at 37°C until the optical density at 5350nm (ODsso) reached 0.5. Protein
expression was then induced following addition of 1mM IPTG. The culture was
further incubated, at 37°C, while shaking for 4 hours and then centrifuged at 3,200 x g
for 20} min. The supernatant was discarded and the pellet resuspended in 500l of
denaturing buffer and sonicated for 30 s with 3 s pulses at 220V. The lysed cells were
then centrifuged at 20,000 x g for 15 min and the supernatant analysed using SDS-

PAGE for assessment of protein expression.

2.2.15 Optimisation of IPTG concentration

in order to determine optimal concentration of IPTG for maximum protein expression,
several “small-scale” expression cultures (10ml) were performed. The growth
conditions for each culture were identical to those described 1 Section 2.2.14, with
the exception that various IPTG concentrations (ranging from 0 — 1mM), were used

for induction of protein expression.

2.2.16 Optimisation of sonication conditions

In order to determine optimal conditions for sonication for maximum protein
expression, scveral “small-scale™ expression cultures (10ml) were performed. The
growth conditions for each culture are the same as those described in Section 2.2.14,
except that a range of sonication times from 0-60 seconds were examined for optimal

protein isolation. Sonication was performed at 220watts using 3 second pulses.
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2.2.17 Time course expression coltures

A “small-scale” expression culture (10ml) was carried out as described in Section
2.2.14. A tml sample was taken pre-induction with IPTG and then at hourly intervals
for up to five hours. The culture was allowed grow and following overnight induction

a final 1ml sample was taken.

2.2.18 Large-scale expression culture

1B broth (10ml) containing 100 ug/mt amypicillin, 10 pg/ml tetracycline and 25 pg/ml
chloramphenico]l was inoculated with 20pl of XL-10 Gold E. celi harbouring the
PQE-60 plasmid. The culture was grown at 37°C overnight, while shaking. The
overnight culture was then used to inoculate 500ml of LB broth for large scale
expression. The culture was incubated at 37°C, while shaking, until the optical density
at 550am (ODssp) reached 0.5. Protein expression was then induced following
addition of 0.1mM IPTG. The culture was incubated, at 37°C, while shaking, for a
further 4 hours and then centrifuged at 3,200 x g for 20 min. The supematant was
discarded and the pellet resuspended in 25ml of IMAC purification buffer and
sonicated three times for 30 s followed by a 30 s interval. This was repeated three
times. The lysed cells were then centrifuged at 3,200 x g for 15 mins and the
supernatant analysed using SDS-PAGE (Section 2.2.5) for protein expression and the
His-tagged recombinant proteins purified using IMAC (Section 2.2.19).

22,19 IMAC purification of the (xHis-tagged recombinant proteins and
antibody fragments

Ni-NTA resin (2ml) was loaded into an empty Econo-Pac™ chromatography columm
(BioRad International Inc.) and allowed to settle to form a 1ml packed column. All
purification steps were performed at 4°C to optimise Ni-binding, IMAC wash buffer
(20ml), as described in Table 2.15, was added to the packed column for equilibration.
The sample for purification was filtered to remove protein aggregates and applied to
the column. The “flow-through’ fraction was collected and re-applied to the column
three times. The column was then washed with 2 x 20ml of wash buffer (Table 2.15)
and the wash fractions retained. The protein was eluted from the column using 5ml of
elution buffer (Table 2.15), and collected 1n 5 x 1ml fractions. The eluted fractions

were then pooled and concentrated in a Vivaspin concentrator and buffer exchanged
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wto PBS (Table 2.4) at 4°C. The concentration of the purified protein was then
determined using a BCA assay {Section 2 2.20) and the purified protein was stored 1n
1ml fractions at -20°C.

Table 2.15: Buffers used during the IMAC purification of His-tagged proteins

Solution Composition

Wash buffer 50mM NaH,PQ,,
300mM NaCl,
20mM Imidazole,
pH 8.0

Elution buffer 50mM NaH,PQ,,
300mM NaCl,
250mM Imidazole,
pH 8.0,

2,2,20 Bicinchoninic acid (BCA) assay

BCA reagents were supplied as components of the BCA protein assay kit (Pierce,
23225). Reagent A contained an optimised formulation of sodium carbonate, sodium
bicarbonate, bicinchoninic acid and sodium tartarate in a 0.1 M NaOH solution.
Reagent B consisted of an aqueous solution of 4% (w/v) cupric sulphate. Bovine
serum albumin protein standards in a concentration range from 0.25 to 2 mg/ml were
prepared in PBS (Table 2.4). Each standard (10ul) was added to a 96-well microtitre
plate in triplicate. This was repeated for the samples under investigation (protein
samples of unknown concentration). The BCA working reagent was prepared by
mixing reagents A & B in the ratio of 50:1. A 200pl aliquot of working reagent was
added to each well and the plate was allowed develop at 37°C for 30 min. Absorbance
values were measured at 562nm using a Tecan Safire plate reader. The blank (Opg)
absorbance value was subtracted and a standard curve of net absorbance at 562nm
versus concentration (pg/ml) was constructed and used to calculate the protemn

concentration of the test samples.
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2.2.21 Sequencing of cloned inserts

Plasmid DNA for sequencing was purified from overnight cultures using the Promega
Wizard Plasmid DNA purification kit (Section 2.2.1). The plasmid DNA was quantified
by determuning iis absorbance at 260nm. DNA (20ng) was dispensed into a fresh 1.5ml
microcentrifuge tube and vacuum dried. Sequence analysis was then conducted by
MWG-Biotech and the results given in Section 3.3.8. The web-based bioinformatics tools
listed in Table 2.16 were used for the analysis and alignment of cloned sequence data,
with known DNA sequences.

Table 2.16: Web-based bioinformatics tools and their source location

Taol Source Location
Translate tool WWW.CXPasy.org
BLAST WWW.EXPasy org
Swiss-model htip://swissmodel.cxpasy.or
Multialin http://prodes.toulouse inra. fr/multalm/multalin. html

2.2.22 Expression of anti-IniB scFv

An anti-InIB human scFv clone, previously isolated from a naive phage display
bibrary by Dr. Paul Leonard, was used in this research for the development of
immunoassays for the detection of InlB. SB broth (Table 2.3) containing 100pg/ml
ampicillin, 25 pg/ml chloramphenicol was moculated with a single colony of TOP
10F° E. coli containing the anti-InlB scFv plasmid. The cultures were grown at 37°C
overnight, while shaking. The overnight cultures were then used to inoculate 500m! of
SB containing 100ug/mi ampicillin, 25 pg/mi chloramphenicol and 2% (w/v) glucose.
The culture was incubated at 37°C, while shaking for 8 hours. The culture was then
centrifuged at 3,200 x g for 20 min at 4°C and resuspended in fresh SB broth
containing 100pg/ml ampicillin, 25 pefral chloramphenicol, to remove all glucose
from the medium. Protein expression was induced following addition of ImM IPTG
and the culture was incubated shaking at 30°C overnight. The culture was centrifuged
at 3,200 x g for 20 mun, the supernatant discarded and the pellet resuspended in 25ml
of IMAC wash buffer (Table 2.15) and sonicated for 30 s. The lysed cells were then
centrifuged at 3200g for 15 mins and the supematant retained for purification by
IMAC (Section 2.2.19).
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2.2.23 Screening of optimised expression conditions of anti-InlB scFv by ELISA
A 96-well microtitre plate was coated with InlB recombinant protein (20ug/ml). The
plate was incubated for 1 hour at 37°C and the contents emptied. The plate was then
washed three times with PBS (Table 2.4) containing 0.05% (v/v) Tween and three
times with PBS (Table 2.4). The plate was blocked using 200ul of PBS (as before),
comtaining 4% (w/v) powdered milk and incubated at 4°C overnight. Anti-IniB scFv
lysates from each expression study (Secrion 3.5.1) were added to the plaie neat
100p)l/well, 10 triplicate. The plate was incubated at 37°C for 1 hour and washed as
before. HRP-labelled anti-cmyc antibody previously diluted to 1/1,000 with PBS (as
hefore) containing 1% (w/v) Marvel, was added to the plate (100p1/well} and the plate
incubated at 37°C for 1 hour. Foliowing the wash step (as before), 100pl/well of TMB
substrate was added and, after 30 min incubation at 37°C, the absorbance at 620nm
was determined using a Tecan Safire plate reader. The absorbance value of each
sample was plotted to determine which conditions were optimal for the expression of
the anti-In1B scFv
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2.3 In vivo biotinylation of Internalin B protein fragments F3, ¥4 & F5

The pAC4 vector for in vive biotinylation of recombimmant proteins (Avidity
Corporation, USA), has both a BamH1 and Ncol restriction site, thus allowing easy
transfer of inserts from Qiagen’s pQE-60 vector into the pAC 4 vector.

2.3.1 Restriction digests of pAC4 vector & pQE-60 inserts ¥3, F4 & F5

A single XT.-1 Blue E. coli colony harbouring pAC4 was grown overnight in 5ml of
I.B broth containing 100 pig/ml ampicillin and 10 pg/ml tetracycline at 37°C, while
shaking. The pAC4 vector plasmid DNA was purified using the Promega Wizard
Plus™ Miniprep DNA purification system (Section 2.2.1) and linearised using a
BamH1 / Ncol restriction digest as described in Section 2.2.11. BamHI1/Ncol
restriction enzyme analysis was also carried out on pQE-60 plasmid DNA isolated
from XL-10 Gold E. coli containing the InlB F3, F4 & F5 fragments. Overnight
culitures were prepared by inoculating a single colony of each fragment in 5ml of LB,
with appropriate antibiotics and growing overnight at 37°C, while shaking. The
plasmid DNA was purified from each clone using the Wizard Plus™ SV Miniprep
DNA purification system (Secfron 2.2.1} and BamH1/Ncol restriction enzyme digests

were set up as described in Section 2.2.11.

The resulting restricted products (pAC4 vector & pQE-60 inserts F3, F4 & F5) were
analysed by horizontal electrophoresis (Section 2.2.2), on a 1% (w/v) agarose gel. The
gels were visualised on a UV transilluminator (Timage master VSD system, Amersham
Pharmacia) and the appropriate bands were cut, and purified, using the Wizard™
PCR-prep purification kit (Section 2.2.3).
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2.3.2 Ligation of InIB insert into pAC4 vector DNA
The DNA encodig the genes of interest was cloned into the hinearised pAC4 using
T4 DNA ligase. The ligation reaction was set up as shown (Table 2.17).

Tabie 2.17: Components of ligation reaction

Component Volume in reaction
pAC4 DNA 4ul
Gene of insert (F3, F4 or F3) 4ul
T4 DNA ligase (1U/ul) 1l
Ligation buffer (10X) 1ul
Total volume of reaction: 10ul

The Hgation reaction was incubated at [4°C for at least 4 hours, but preferably
overmight. The ligation mixture was then centrifuged at 10,000 x g for 30 seconds and
stored at -20°C.

2.3.3 Transformation of electro-competent AVB101 E.coli cells with pAC4
containing the cloned inserts

Electro-competent AVB101 E. coli (Avidity Corporation, US) were transformed with
pAC4 containing the genes of mterest (InlB F3, F4, or F5). Ligations and
electroporation cuvettes {0.2cm, Bio-Rad) were incubated on ice for 10 minutes. At
the same time the electro-competent AVB101 cells were thawed on ice. Each ligation
was added to the cells (300ul), mixed gently, transferred to a chilled cuvetie and
incubated in 1ce for 1 minute. The sample was the electroporated at 2.5kV, 25uF,
2002 (= = 4msec). The cuvette was immediately flushed with Iml SOC, followed by
1ml SOC (x2) at room temperature and transferred to 50ml polypropylene tube. The
cells were incubated at 37°C for one hour with shaking at 250rpm. Each
transformation reaction (1501) was then spread onto LB agar plates, containing
antibiotics (100pg/ml of ampicillin and 25pg/ml chloramphenicol). The plates were

then incubated, inverted, at 37°C for at least 18 hours.
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2.3.4 Expression of in vivo hiotinylated InlB protein fragments

Twenty ml of LB broth containing 100 pg/ml ampicilbin and 25ug/ml
chloramphenicol was inoculated with a single colony of AVB101 E. col: containing
the InlB gene fragments, (F3, F4 and F5). The cultures were incubated at 37°C, while
shaking until the optical density at 550nm (ODssg) reached 0.5. Protein expression
was then induced following addition of 1mM IPTG and 50mM D-biotin. The
AVB101 strain contains the pACYC184 plasmid with an IPTG inducible birA gene to
overexpress biotin ligase. The culture was further incubated, for 4 hours, at 37°C,
while shaking and then centrifuged at 3,200 x g for 20 mins. The supematant was
discarded and the pellet resuspended in 1ml of PBS and sonicated for 30 s with 3 sec
pulses at 220V. The lysed cells were then centrifuged at 20,000 x g for 15 min and the

supernatant analysed using SDS-PAGE for assessment of protein expression.

2.3.5 Purification of in vive biotinylated protein fragmenis using a monowmeric
avidin affinity column.

The biotinylated InlB fragments were purified using immobilised monomeric avidin
(Pierce, 20267). The monomeric avidin was equilibrated at room temperature for 10
min and 4mi of resin was used to pack a clean, empty PD-10 column (Amersham
Pharmacia). The resin was allowed to settle to form a 2ml packed column of
mmmobilised monomeric avidin. The column was then washed twice with 8 ml of PBS
(Table 2.4). Biotin blocking/elution buffer (2mM D-biotin in PBS, as before) was
added (6ml), to block non-reversible biotin binding sites. Biotin was then removed
from the reversible binding sites by the addition of 12m! of regeneration buffer (0.1 M
glycine, pil 2.8). The column was washed with 8ml of PBS (as before) and the
biotinylated protein was applied to the column. When the entire sample had passed
through the column, 0.25 ml of PBS was added to force sample completely into the
resin bed. The biotinylated sample was left to incubate on the column for 1 hour at
room temperature, to maximize binding. The column was then placed in a fresh
collection tube and 12ml of PBS (as before) was added and collected in 2ml fractions
until all non-bound protein was removed. The bound biotinylated molecule was eluted
with the addition of Biotin blocking/elution buffer (as before) and 500u! fractions of
purified protemn were collected until no further protein was detected (Absorbance at

280nm < 0.05). The fractions were then analysed at 280 nmn in quartz cuvettes and
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fractions contaming the majority of protein were pooled and stored in 0.01% (w/v)
azide. The column was regenerated by washing twice with 4 ml of regeneration buffer
and once with 5 mi of PBS. The column was stored in PBS containing 0.01% (w/v)

sodium azide at 4°C

2.3.6 Characterisation of in vive biotinylated proteins

The ir vivo biotinylated protein fragments were characterised using the following
methods; SDS-PAGE (Section 2.2.5) for protein expression analysis, Western
Blotting (Section 2.2.7) with an anti-biotin antibody and Biacore analysis (Section
2.6), to assess binding with the associated anti-InIB polyclonal antibody. Enzyme and

fluorescence-based analysis was also performed (Sections 2.3.6.1-2.3.6.4)

2.3.6.1 Titre of in vivo biotinylated recombinant InlB fragments using extravidin-
peroxidase

Anti-IniB polycional antibody at a concentration of 10ug/ml in 0.1M carbonate buffer
{(pH 9.6) was used to coat the wells of a microtitre plate (100ul/well). The plate was
tncubated for 1 hour at 37°C and the contents emptied. The plate was then washed
three times with PBS (Table 2.4) containing 0.05% (v/v) Tween 20 and three times
with PBS (Table 2.4). The plate was blocked using 200ul of PBS (Table 2.4),
contaming 2% (w/v) BSA and incubated at 4°C overmight. Serial in vivo biotinylated
recombmant InlB fragment (F3, F4 & F5) dilutions ranging from 1/5 — 1/5120 were
then prepared in PBS (Table 2.4 ) containing 0.2% (w/v) BSA and 100ul of each
dilution added to the wells in triplicate. The plate was incubated at 37°C for 1 hour
and washed as before. Extravidin-Peroxidase, previously diluted to 1/1,000 with PBS
(as before) containing 1% (w/v)BSA, was added to the plate (100plfwell) and the
plate incubated at 37°C for 1 hour. Following the wash step, 100pl/well of TMB
substrate was added and, after 30 mins incubation at 37°C, the absorbance at 450nm

was determined using a Tecan Safire plate reader,
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2.3.6.2 Titre of in vivo biotinylated recombinant InlB fragment F3, using
streptavidin-CyS5 as tracer molecule

Ant1-InlB polyclonal antibody at a concentration of 10ug/ml in 0.1M carbonate buffer
(pH 9 6) was used to coat the wells of a microtitre plate (100ul/well). The plate was
incubated for 1 hour at 37°C and the contents emptied. The plate was then washed
three times with PBS (Table 2.4) containing 0.05% (v/v) Tween 20 and three times
with PBS (Table 2.4). The plate was blocked using 2001 of PBS (Table 2.4),
containing 2% (w/v) BSA and mcubated at 4°C overnight. Serial in vivo biotinylated
recombinant IniB fragment F3 dilutions ranging from 1/5 — 1/5120 were then
prepared in PBS (Table 2.4) containing (.2% (w/v) BSA and 100l of each dilution
added to the wells in triplicate. The plate was incubated at 37°C for 1 hour and
washed as before. Streptavidin-Cy5, previously diluted to 1/1,000 with PBS (as
before) containing 1% (w/v) BSA, was added to the plate (100ul/well) and the plate
incubated at 37°C for 1 hour. Following the wash step, the fluorescence response of
bound antigen was determined using a Tecan Safire plate reader with excitation at

649nm and emission at 670nm.

2.3.6.3 Optimisation of blocking reagent for fluorescence-based assays using in
vivo biotinylated recombinant InlB fragment F3, traced with streptavidin-Cy5

Anti-InlB polyclenal antibody at a concentration of 10pg/ml in 0.1M carbonate buffer
(pH 9.6) was used to coat the wells of a microtitre plate (100pl/well). The plate was
incubated for 1 hour at 37°C and the contents emptied. The plate was then washed
three times with PBS (Table 2.4) containing 0.05% (v/v) Tween 20 and three times
with PBS (Table 2.4). The plate was blocked using 200ul of PBS (Table 2.4),
containing 1% (w/v} BSA and incubaied at 4°C overnight. Serial in vive biotinylated
recombinant IniB fragment F3 dilutions ranging from 1/5 — 1/5120 were then
prepared in PBS (Table 2.4) contaming 0.1% (w/v) BSA and 100pl of each ddution
added to the wells in triplicate. The plate was incubated at 37°C for 1 hour and
washed as before. Streptavidin-Cy5, previously diluted to 1/1,000 with PBS (as
before) containing 1% (w/v) BSA, was added to the plate (100pul/well) and the plate
incubated at 37°C for 1 hour. Following the wash step, the fluorescence response of
bound antigen was determined using a Tecan Safire plate reader with excitation at

649nm and emission at 670nm.
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2.3.6.4 Direct detection of in vivo biotinylated recombinant InIB fragment F3,
traced with fluorescent labels; streptavidin-Cy5, avidin-FITC and streptavidin-
linked quantum dots

Ant1-IniB polyclonal antibody at a concentration of 10gpu/ml m 0.1M carbonate buffer
(pH 9.6) was used to coat the wells of a mucrotitre plate (100ul/well). The plate was
incubated for 1 hour at 37°C and the contents emptied. The plate was then washed
three times with PBS (Table 2.4) contaimmng 0.05% (v/v) Tween 20 and three times
with PBS (Table 2.4). The plate was blocked using 200p] of PBS (Table 2.4),
containing 1% (w/v) BSA and incubated at 4°C overmight, Senal in vive biotnylated
recombinant IniB fragment F3 dilutions ranging from 1/5 — 1/5120 were then
prepared in PBS (Table 2.4) containing 0.1% (w/v) BSA and 100pl of each dilution
added to the wells in triplicate. The plate was incubated at 37°C for 1 hour and
washed as before. The fluorescent label (streptavidin-Cy5, avidin-FITC and
streptavidin-linked quantum dots), previously diluted to 1/1,000 with PBS (as before)
contaiming 1% (w/v) BSA, was added to the plate (100pl/well) and the plate incubated
at 37°C for 1 hour. Following the wash step, the fluorescence response of bound
antigen was determined using a Tecan Safire plate reader. Excitation and emussion
was performed at 649nm and 670nm for streptavidin-Cy5 wells, 424nm and 518nm
for avidin-FITC wells and 450nm and 605nm for streptavidin-guantum dot wells. The
fluorescent response was normalised against background fluorescence and the results

plotted using normalised fluorescence response units (NFRU).
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2.4 Antibody Purification & Characterisation

2.4.1 Polyclonal antibody purification and characterisation

Rabbit serum containing polyclonal antibodies directed against InlB was obtained
from Dr. Paul Leonard (Applied Biochemistry Group, DCU). The polyclonal
antibodies were initially purified from the rabbit serum using saturated ammonium

sulphate precipitation followed by protein G affinity chromatography.

2.4.1.1. Saturated ammoninm sulphate (SAS) precipitation of polyclonal serum
SAS (3.6ml) was added ‘drop-wise’ to 3.6ml of the rabbit serum, on ice. The mixture
was then left stirring on ice for one hour. The precipitated mixture was then
centrifuged at 3,200 x g for 20 mun at 4°C. The supernatant was discarded and the
pellet was resuspended in 3.6ml of 45% (w/v) SAS. The resuspended pellet was then
centrifuged at 3,200 x g for 20 min at 4°C. The supernatant was again discarded and
the pellet resuspended m 3.6ml of 45% (w/v) SAS. The resuspended pellet was then
centrifuged at 3,200 x g for 20 mun at 4°C. The pellet was finally resuspended in
1.8ml of PBS (Table 2.4) and the solution was dialysed overmght at 4°C in PBS (as
before).

2.4.1.2 Protein G affinity-chromatography of SAS-purified polyclonal serum

A 2ml! suspension of immobilised Proten G (immobilised on Sepharose 4B) was
equilibrated in an empty PD-10 desalting column (Amersham Biosciences) with 20ml
of sterile filtered ranning buffer, PBS (Table 2.4). The column was stoppered when
the running buffer reached the top of the gel. The SAS- purified sample (Zml) was
added to the columm., The effluent was monitored at 280 nm, and fractions containing
protein (i.e. Absorbance 280nm = 0.03) collected. Running buffer was continually
added to prevent the column running dry. After all the protein was collected the
fractions were passed over the column two more times. The gel was washed with
20ml of wash buffer (Table 2.18) and any protein collected at this stage was kept and
stored in 0.01% (v/v) azide. The column was then equilibrated using running buffer,
which was allowed to pass through the column for five mins. The minning buffer was
allowed reach the top of the gel and then 1.5ml of elution buffer (Table 2.18) was
added. The elution butfer was allowed to run into the column. Then the colomn was

stoppered and the elution buffer was left within the column for 15 min. The stopper

80



was removed and and 500pl fractions of protein were collected into tubes containing
50 pl of neutralising buffer (Table 2.18), once protein was detected. Fractions were
collected until no further protein was detected (Absorbance at 280nm < 0.03). The
fractions were then analysed at 280 nm 1n quartz cuvettes and fractions containing the
majority of protein were pooled and stored in 0.01% (wfv) azide. The protein G

column was then washed using running buffer and stored in 20% (v/v) methanol.

Table 2.18: Composition of buffers used dunng, the protein G purification of rabbit
I2G polyclonal antibodies.

Solution Composition

Running & Wash buffer (PBS) 0.15M Na(l,

2.5mM K(,

w 10mM Na,HPO,,

18mM KH,POy,
pH 7.4.

Elution buffer 0.1M GlycinefHC],
pH 2.7.

Neutralising buffer 2M TrisfHC],
pH 8.6.

2.4.1.3 Checkerboard ELISA for the determination of optimal antigen
conceniration and antibody dilution

A 96-well microtitre plate was coated with different InlB-F3 recombinant protein
concentrations, ranging from 0 to S0ug/ml, by adding 100l of cach concentration per
well. The plate was incubated for 1 hour at 37°C and the contents emptied. The plate
was then washed three times with PBS (Table 2.4) containing 0.05% (v/v) Tween and
three times with PBS (Table 2.4). The plate was blocked using 200ul of PBS (as
before), contaming 2% (w/v) BSA and incubated at 4°C overnight. Serial biotinylated
anti-InlB polyclonal antibody dilutions ranging from 1/50 — 1/12,800 were then
prepared in PBS (as before), containing 1% (w/v) BSA and 100ul of each dilution
added to the wells in triplicate. The plate was incubated at 37°C for 1 hour and
washed as before. Extravidin-Peroxidase, previously diluted to 1/1,000 with PBS (as
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before) containing 1% (w/v) BSA, was added to the plate (100ul/well) and the plate
incubated at 37°C for 1 hour. Extravidin-peroxidase 1s a commercially available
conjugate (Sigma-Aldrich) prepared from egg white avidin and linked to horseradish
peroxidase for detection. It 18 a tetrameric protemn coataining four high affity
binding sites for bictin. Extravidin combines the high specific activity of avidin with
the low background staining of streptavidin, a biotin binding protein produced by the
bacteria Streptomyces avidinii. Followng the wash step, 100pl/well of TMB
substrate was added and, after 30 mun incubation at 37°C, the absorbance at 450nm

was determined using a Tecan Safire plate reader.

2.4.2 Monoclonal antibody purification and characterisation

Monoclonal antibodies to warfarin were produced by Dr. Brian Fitzpatrick (Applied
Biochemistry Group, DCU). A direct ELISA format was used to screen the
hybridoma-clone supernatants for specific aniibody production, and “positive’ wells
were propagated and cloned by limiting dilution. Stocks of positive antibody-
secreting clones were frozen down for subsequent rounds of cloning out. A frozen
stock of both the anti-warfarin monocional antibody and anti-InlB monoclonal
antibody was obtained and grown up for subsequent rounds of cloning out by limiting
dilution, to ensure monoclonality. Once sufficient antibody-containing supernatant
was collected, the antibodies were concentrated for pun'ﬁcatign using an Amicon

ultrafiltration system.

2.4.2.1 Purification of murine IgG by Protein-G affinity chromatography

Supernatants from hapten-specific antibody-secreting hybridomas were collected and
concentrated 10-fold using an Amicon concentration device. 10 mls of concentrated
supernatant were passed through a PD-10 column contamning Protein G immobilised
on Sepharose 4B. The eluate was collected and passed through the column a second
time. The column was then washed with 25 m! of PBS (Table 2.4 ) containing 0.05%
(vfv) Tween 20 and the retained protein eluted with 0.1 M glycine-HCI (pH 2.5). 850
p1 fractions were collected in eppendorf tubes containing 150 pl of Tris-HC] (pH 8.5)
to return the pH to ~7.0 to prevent antibody denaturation. The absorbance of each
fraction was then measured at 280 nm for protein concentration determination.

Purified antibodies were stored at -20°C prior to further use.
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2.4.2.2 Checkerboard ELISA for the determination of optimal antigen coating
concentration and antibody dilution

A 96-well microtitre plate was coated with different warfarin-BSA conjugate
concentrations, ranging from 50pg/ml to Oupg/ml, by adding 100l of each
concentration per well, The plate was incubated for 1 hour at 37°C and the contents
emptied. The plate was then washed three times with PBS (Table 2.4) confaining
0.05% (v/v) Tween 20 and three times with PBS (Table 2.4). The plate was blocked
using 200p1 of PBS (Table 2.4), containing 2% (w/v) BSA and incubated at 4°C
ovemight, Serial biotinylated anti-warfarin monoclonal antibody dilutions ranging
from 1/50 — 1/12,800 were then prepared in PBS (Table 2.4) containing 1% (w/v)
BSA and 100ul of each dilution added to the wells in triplicate. The plate was
incubated at 37°C for 1 hour and washed as before. Extravidin-Peroxidase (as per
Section 2.4.1.3) was diluted to 1/1,000 with PBS (as before) contaiming 1% (w/v)
BSA, was added to the plate (100ul/well) and the plate incubated at 37°C for 1 hour.
Followmg the wash step, 100ul/well of TMB substrate was added and, after 30 min
incubation at 37°C, the absorbance at 450nm was determined using a Tecan Safire

plate reader.
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2.5 Conjugate Synthesis

2.5.1 Preparation and characterisation of 4"-azowarfarin-protein conjugates

A 50ml solution containing 0.1 M HCI and 7 mM potassium bromide was wvsed to
dissolve 350 mg of 4-aminowarfarin. A 0.014 M solution of sodium nitrite (10ml)
was added dropwise to the solution containing 4'-aminowarfarin, and maintained with
continuous stirring on an ice-bath for 1 hour. The activated 4'-aminowarfarin solution
was then added dropwise to 10 ml of a 5% (w/v) solution of BSA, and the pH
maintained between 9.0-9.5 with the simultaneous addition of 0.1 M NaQOH, and
stirred overnight at 4°C (Satoh et al., 1982). The resulting dark brown solution was
then dialysed against several changes of PBS, pH 7 4, and lyopmlsed prior to further
studies. The drug-protein conjugates following lyophilisation were characterised by
UV spectroscopy. A direct comparison of the reference spectra obtained for the drug-
protein conjugate to 4'-aminowarfarin and a ‘control’ protemn (i.e. a protein solution
which had undergone the same chemucal procedure as the conjugate solution, except
the drug solution had been omitied from the coupling step) was made from 200-400

nm

2.5.2 Preparation of biotinylated antibodies

2.5.2.1 Biotinylation of antibodies for fluorescence-based immunoassays (F1A)
Antibodies, at a concentration of ~Img/ml, were dialysed overnight to remove any
traces of azide, for subsequent use 1n the biotinylation reaction. Long-chain brotin
(Sulfo-NHS-LC-Biotin, Pierce, 21335) was dissolved in DMSQ to prepare a 10mM
stock solution of biotin. The extent of biotin labeling depends on the distribution of
amino groups on the protein, the protein concentration and the amount of reagent
used. Experiments were performed using a 20-fold molar excess of biotin reagent to
label 1mg antibody (in 1ml PBS, Table 2.4), which results in conjugation of 4-6 biotn
groups per antibody molecule. The biotin stock solution (13ul) was added to 1ml of
antibody (concentration Img) and the solution was incubated end on end, overnight,
at 4°C The biotin conjugate was subjected to gel filtration to stop the reaction and to
remove any unbound biotin using a PD-10 desalting column (Amersham Pharmacia).
The conjugate concentration and biotin/protein ratic was determined using

commercial HABA/Avidin reagent (Sigma Aldrich, H2153).

84



2.5.2.2 Biotinylation of antibodies for electrical impedance spectroscopy (EIS)
Antibodies were biotinylated to facilitate immobilisation onto the neutravidin-
modified polymer films with biotinamidohexanoicacid-3-sulfo-N-hydroxysuccinimude
(BAC-sulfo-NHS), using the procedure outlined in the Sigma Immunoprobe
biotinylation kit (BK101). The strong affinity between avidin and biotin (affinity
constant K, = 10 ° M) allows direct coupling of the biotinylated antibodies to the
modified elecirode. The extended spacer arm from the hexanoic acid improved the
interaction between avidin and the biotinylated antibody by overcomung steric
hindrances present at the biotin binding sites. A molar ratio of 10:1 biotin to antibody
was used to ensure efficient labelling and the antibody was subjected to fast gel
filtration post-biotinylation to remove any unreacted biotin. An avidin-HABA (4-
Hydroxyazobenzene-2-carboxylic acid) assay was then performed to determine the
degree of biotinylation; dye/protein ratio and biotin-antibody conjugate concentration.
Biotinylated antibodies were diluted in PBS, comprising 0.13 mM NaH,PO,, 0.528
mM Na,HPO, and 0 51 mM NaCl, pH 7.4, and stored at -20° C at a concentration of 1
mg/ml.

2.5.3 Fluorescent labelling of antibodies and proteins

A standard protocol for the fluorescent labelling of biomolecules is difficult to derive
as optimisation of labelling condition such as buffer pH and concentration is highly
specific for each dye. Gel filtration is used to remove sodium azide, which is often
found as a preservative in biological preparations and interferes with the labelling
process. Typically, phosphate buffered saline comprising (.13 mM NaH,PO4 0.528
mM NaHPO, and 0.51 mM NaCl, pH 7.4 or 0.5M carbonate buffer, pH 9.6, are used
for labelling reactions. The amount of fluorescent labelling reagent used for each
reaction is dependent on the amount of protein to be labelled. By using the
appropriate molar ratio of labelling reagent to protein, the extent of conjugation can
be optimally controlled. For protein concentrations in the range of 2-5mg/ml, a 10-
fold molar excess is used, for concentrations <2mg/ml, a 15 molar excess is used and

for protein concentrations <lmg/ml, 20 molar excess of dye is used.
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Using ruthenium dye as an example, the label was dissolved in an organic solvent
(DMSQO) at a concentration of 10mg/m! (as most fluorescent dyes are insoluble in
aqueous solution). Taking into account an optimal 20 fold molar excess based on the
antibody concentration (1mg/mi), the appropriate volume of label was determined and
added to the protein stock. The dye/protein solution was left to react overnight at 4°C.
Excess dye was removed via centrifugation using a commercial Vivaspin column at
3,200 x g (or by dialysis). The conjugate concentration and dye/protein ratio were
then determined spectrophotometrically. The level of label incorporation can be
measured by determining the absorbance at or near the characteristic extinction
maximum of the label. Tt is also important to determine the dye/protein ratio for all
derivatives prepared with tags. The equations below are used to calculate this

information.

Asgy— (A XCF )X DF
Equation. 2.1

protem

where Ajgp is the absorbance of the dye/protein compugate at 280nm; Ay Is the
absorbance of the conjugate at the excitaiton maximum wavelength for the dye; CF is
the correction factor ie. Azgp dye / Apa, dye, DF is the dilution factor, gpomen IS the

protein molar extinction co-efficient.
. A
Equation 2,2 x DF
£ X Cone.

where A is the absorbance of the conjugate at the excitation maximum wavelength
Jor the dye; s4. is the dye molar extinction co-efficient; Conc. is the dye/protein

conjugate concentration in moles per | and DF is the dilution factor.
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2.6 Analysis of in vive biotinylated InlB protein fragments and associated
antibodies using Biacore

Analysis was performed using a Biacore 3000™ instrument operated with the Biacore
3000 Control Software package version 3.1.1. All data analysis was performed using
Biaevaluation 4.0.1. Rescarch grade CMS5 (carboxymethylated 5) sensor chips were
employed and Hepes Buffered Saline (HBS), pH 7.4, contamning 10mM HEPES (4-(2-
hydroxyethyl)piperazine-1-cthanesulphonic acid), 150mM NaCl, 3.4mM EDTA and
0.05% (v/v) Tween 20, was used as the running buffer. This was freshly prepared,
filtered (pore size 0.22pm) and degassed using a vacuum filiration apparatus
(Millipore sintered glass filtration unit) before use. All samples were syringe filtered

(0.2pm pore size) to remove any particulate matter.

2.6.1 Preconcentration stadies

Neutravidin was prepared in 10mM sodium acetate buffer that had been adjusted with
10% (v/v) acetic acid to a range of pH values. The protein sample, at the respective
pH, was passed over an underivatised chip surface, at a flow rate of 10ul/min for 1
minute, and the amount of electrostatic mieraction monitored. The pH which gave the
highest degree of bindimg, i.e. maximum response, was chosen as the buffer for

subsequent immobilisations.

2.6.2 Immobilisation of neutravidin/biotinylated F3 onto sensor surfaces
Immobilisation of neutravidin was catried out according to standard amine coupling
chemistry. Briefly, the carboxymethylated dextran surface was activated by mixing
equal volumes of 100mM NHS (N-hydroxysuccinimide) and 400mM EDC (N-ethyl-
N-(dimethyl-aminopropyl) carbodiimide hydrochloride) and injecting the mixture
over the sensor chip surface for 8 minutes at a flow rate of 10ul/min. Neutravidin at a
concentration of 50pg/mi in 10mM sodium acetate buffer, at pIl 4.6, was injected
over the activated surface for 40 minutes at a flow rate of Spl/min. Unreacted NHS
groups were capped by an injection of 1M ethanolamine, pH 8.5, for 7 minutes,
Loosely bound neutravidin protein was removed using three 30sec pulses of SmM
NaOH. In vive biotinylated InlB protein fragmént F3 (60pg/ml) was subsequently
immobilised on the neutravidin surface using a manual 6 minute injection, at a flow
rate of Sul/min The F3 fragment was stabilised on the surface of the chip with a 30
second pulse of EDC/NHS.
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2.6.3 Non-specific binding studies

Ant-InlB polyclonal antibody at the optimal assay dilution (1/20) was simultaneously
injected over both the blank neutravidin surface (reference flow cell) and the
neutravicdin surface with the immobilised biotinylated InlB F3. The binding response
following each mjectton was monitored and used to determine the degree of non-
specific binding of the antibodies to the neutravidin surface in the absence of

biotinylated F3.

2.6.4 Regeneration studies

A known concentration of antibody was passed over the chip surface, at the optimised
flowrate, and the surface regenerated by passing over various concentrations of NaOH
ranging from 1-100mM to assess the stability of the immobilised protein surface.
This cycle of binding and regeneration was usually completed for more than 50
cycles; however, due to low stocks of anti-InlB polyclonal antibody, omnly 10
regenerations were performed. After each cycle of injection of antibody and
subsequent regeneration, the binding signal was measured (o assess the stability and

suitability of the immobilised surface for assay purposes.

2.6.5 Biacore inhibitive immunoassay for the detection of InIB

Standards of free InlB-F3 were prepared at varying concentration ranges. Each
standard was incubated with an equal volume of anti-InlB polyclenal antibody and
allowed equilibrate for 30 mmutes at room temperature. Each sample was then
imected over the immobilised protein surface, in triplicate, and the surface
regenerated with the appropriate concentration of sedium hydroxide, 27.5mM, as
determined from Section 2.6.4. A calibration curve was then constructed by plotting
the change in response (RU) for each standard against the log of concentration and a

four-parameter equation fitted to the data using Biaevaluation software 4.0.1.
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2.7 Nanoparticle Synthesis

2.7.1 Synthesis of silica dye-doped nanoparticles

Dye-doped high brightness nanoparticles were synthesised* by Dr. Robert Nooney of
the Biomedical Diagnostics Institute (BDI), National Centre for Sensor Research
(NCSR), using a microemulsion method adapted from Santra er al. (2001). A
microemulsion. was formed by mixing Triton X surfactant, hexanol co-solvent and
cyclohexane oil phase together. Separately an aqueous solution of 20mM Ru (bpy)s
Cl, (ruthenium bipyridine salt) was prepared and the pH adjusted to 1.6 with the
addition of 1N HCI. The agueous Ru (bpy)sCl, solution was added to the oil phase
with rapid stirring. To ensure formation of the water 1 oil microemulsion the solution
was sonicated and stimed for a further five minutes. Following this,
tetraethylorthosilicate (TEOS) was added. After 30 minutes of gentle mixing on a
blood rotor, NH;,OH was added to initiate polymerisation. This mixture was left to
further react for 24 hours at room temperature. To prevent aggregation of the
nanoparticles, 3-(trihydroxysiiyl) propyl-methyl phosphonate, monosodium salt, 42%
(w/v) in water was added for 5 minutes. Aminopropyltrimethoxysilane (APTES) was
then added for conjugation with antibodies and the solution stirred for a further 24
hours. The NPs were separated from the solution with the addition of an excess of
absolute ethanol to break the microemulsion state. The solidified silica nanoparticles
were then harvested by centrifugation for 10 minutes and washed twice in absolute
ethanol. The nanoparticles were washed once more with deionised water and
characterised using a transmission electron microscope (TEM) for imagmg and size
measurements. The modified particles were stored in deionised water at 4 °C for
antibody attachment.

* Please note that due to the proprietary nature of these methods (Biomedical
Diagnostics Institute, DCU) details on actual volumes and experimental conditions
cannot be given. The methods used were adapted from Santra et al, (2001), Tan® er
al., (2004) and Qhobosheane et al, (2001).
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2.7.2 Surface modification of nanoparticles for antibody conjugation
Amino-activated-nanoparticles 1n deionised water were centrifuged at 20,000 x g for
10 mimutes and dried overnight in a 60°C oven The dried particles (2mg) were
suspended in 900pl of 0.1M phosphate buffer, pIl 7.4, supplemented with differing
ratios of glutaraldehyde and BSA*. Antibodies were attached to the amino-modified
nanoparticles using glutaraldehyde crosslinking. This mixture was left to react for 24
hours at 4°C, with gentle stirring. The nanoparticle mux was then centrifuged at
20,000 x g for 10 minuotes and the resultant pellet washed twice with 0.1M phosphate
buffer, pH 7.4. The amine/glutaraldehyde modified nanoparticles were resuspended in
1ml of 0.1M phosphate buffer, pH7.4, containing 0.25mg of polyclonal anti-human
IsG antibody. This was left to react for 24 hours at 4°C, with gentle stirring. The
antibody-conjugated nanoparticles were then separated by washing twice in 0.1M
phosphate buffer, pH 7.4 and stored in 0.1M phosphate buffer, pH 7.4, containing
0.1% {w/v) BSA and 0.02% (w/v) NaNj.

* Please note that due to the proprietary nature of these methods (BDI, DCU) details

on actual volumes and experimental conditions cannot be grven.

2.7.3 Nanoparticle-antibody conjugate characterisation

2.7.3.1 Titre of antibody-nanoparticle conjugates

Black Fluoronunc™ 96-well mucrotitre plates were coated with 100ul/well of human
IgG (Sug) and incubated for 1 hour at 37°C. The plates were then emptied and washed
3 times with PBS (Table 2.4), containing 0.05% (v/v) Tween 20 (PBST) and three
times with PBS (Table 2.4). The plates were then blocked by adding 200ul/well of
PBS containing 1% (w/v) BSA and incubated for 1 hour at 37°C. The plates were
washed as before and serial dilutions of the various anti-human IgG nanoparticle
conjugates (with differing glutaraldehyde concentrations) were prepared in PBS
contarning 0.1% (w/v) BSA. These were added to the plates (100ul/well} m triplicate
and incnbated at 37°C for 1 hour and washed as before. Following the final wash step,
the fluorescent response was determined using a using a Tecan Safire’
monochromator-based microplate reader, with excitation at 453nm and emission at
618nm,
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2.7.3.2 Sandwich assay for the detection of human TIgG using antibody-
conjugated nanoparticles as fluorescent tracer molecule

Black Fluoronunc™ 96-well microtitre plates were coated with 100l of anti-human
IgG (5pg) and incubated for 1 hour at 37°C. The plates were then emptied and washed
3 times with PBS (Table 2.4), containing 0.05% (v/v) Tween 20 and three times with
PBS (Table 2.4). The plate were then blocked by adding 200ul/well of PBS (Table
2.4) containing 1% (w/v) BSA and incubated for 1 bour. Free human IgG dilutions,
ranging from 0.005ng/ml to 500,000 ng/ml, were prepared in PBS containing 0.1%
(w/v) BSA. The plates were washed (as before) and 100ul of the free human-IgG
dilutions (in triplicate) were added to e¢ach well and incubated for 1 hour at 37°C. The
plates were then washed again and 100l of the anti-hIgG-conjugated nanoparticles;
previously diluted to 1/100 with PBS containing 0.1% (w/v) BSA was added to each
well, The plates were then incubated at 37°C for 1 hour before washing (as before).
Following the final wash step, the fluorescent response was determined using a using
a Tecan Safire’> monochromator-based nmucroplate reader, with excitation at 453am
and emisston at 618nm. The fluorescent response was normalized against a zero

control (blank well containing no fluorescent molecules).

2.8 Development of fluorescence-hased immunoassays

2.8.1 Determination of optimal fluorescent label working dilution

Black Fluoronunc™ 96-well microtitre plate were coated with the appropriate amount
of coating antigen as determined by checkerboard ELISA (100pl/well); either
20pg/ml InlB or 50pg/m! Warfarin-BSA and incubated at 37°C for 1 hour. The plates
were washed 3 times with PBST (Table 2.4), PBS containing 0.05% (v/v) Tween 20
and 3 times with PBS (Table 2.4). The plates were then blocked with 200ul/well of
1% (w/v) BSA diluted in PBS. Powdered milk was not used as a blocking reagent in
this case, since milk contains biotin which could interfere with the produced signal.
Following incubation for lhr at 37°C the plates were washed as before. A 1/300
dilution of the biotinylated anti-InIB polyclonal antibody or anti-warfarin monoclonat
antibody was prepared in PBS (Table 2.4) containing 0.1% {(wfv) BSA and 100pl
added to each well of the plate (in triplicate) The plates were then incubated for 1
hour at ?;7°C and washed as before. The avidin-hinked fluorescent conjugate (Table
2.19), was titrated from a 10nm workmg stock. Dilotions ranging from 1/2 to 1/4,096
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were prepared in 0.2M borate buffer, pH 8.2 and added to the plate 100ul/well (in
triplicate) and the plate incubated at 37°C for 30mms. Following the wash step, the
fluorescent response was determmed using a Tecan Safire’ monochromator-based
microplate reader with excitation and emission wavelengths dependent on the
fluorophore used. The fluorescent response was normalized against a zero control

(blank well contaming no fluorescent molecules).

Table 2.19: Excitation and emission wavelengths of fluorescent labels

Fluorescent Probe Excitation Wavelength (mnm) | Emission Wavelength (nm)
Quantum dot streptavidin
450 605
conjugate
Streptavidin-Cy35 649 670
Porphyrin-labelled

R 380 650

Neutravidin
Avidin-FITC 494 518

2.8.2 Development of a competitive assay for the detection of InlB/warfarin with
quantum dot-labelled antibodies

Black Fluoronunc™ 96-well microtitre plates were coated with either 50pg/m]
warfarin-BSA conjugate or 20ug/ml InlB-F3 and incubated for 1 hour at 37°C. The
plates were then emptied and washed 3 times with PBS (Table 2.4) containing 0.05%
(v/v) Tween 20 and three times with PBS (Table 2.4). The plates were blocked by
adding 200pl of PBS containing 1% (w/v) BSA to each well and incubated for 1 hour
at 37°C. Free warfarin or purified InlB-F3 dilutions, ranging from 1.5ng/ml to
50000ng/mt, were prepared in PBS (Table 2.4) containing 0.1% (w/v) BSA. The
plates were washed as before and 501 of free hapten/protein dilution was added to
each well (in triplicate) along with 50ui of the bictinylated anti-warfarin/anti-InlB
antibody previously diluted to 1/300 in PBS contaming 0,1% (w/v) BSA. The plates
were then incubated at 37°C for 1 hour and washed as before. The quantum dot-
streptavidin conjugate was diluted to a working solution of 1/500 of the onginal stock
{2nM concentration as determined in Section 2.8.1) in the supphed incubation buffer,
(0.2M borate buffer, pH 8.2), added to the plate (100pl/well) and the plate incubated
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at 37°C for 30min. Following the wash step, the fluorescent response was determined
using a using a Tecan Safire® monochromator-based microplate reader with excitation
at 450nm and emission at 605nm. The fluorescent response was normalized against a

Zero control.

2.8.3 Development of competitive assay for the detection of warfarin/InlB with
porphyrin-labelled antibodies

Black Fluoronunc™ 96-well microtitre plates were coated with either 50pg/ml
warfarin-BSA conjugate or 20pg/m] InIB-F3 and incubated for 1 hour at 37°C. The
plates were then emptied and washed 3 times with PBS (Table 2.4) containing 0.05%
(v/v) Tween 20 and three times with PBS (Table 2.4). The plates were blocked by
adding 200ul of PBS containing 1% (w/v) BSA to each well and incubated for 1 hour
at 37°C. Free warfann or purified InlB-F3 dilutions, ranging from 1.5ng/ml to
50000ng/ml, were prepared in PBS containing 0.1% (w/v) BSA. The plates were
washed as before and 50l of free hapten/protein dilation was added to each well (in
triplicate) along with 50pl of the biotinylated anti-warfarin/anii-InlB antibody
previously diluted to 1/300 with PBS contaiming 0.1% (w/v) BSA. The plates were
then incubated at 37°C for 1 hour and washed as before. The perphyrin-labeled
neutravidin conjugate was diluted to a workmg solution of 1/500 of the original stock
in 0.2M borate buffer, pH 8.2, and added to the plates (100ul/well) for 30 min at
37°C. Following the final wash step, the fluorescent response was determined using a
using a Tecan Safire’ microplate reader with excitation at 380nm and emission at

650nm. The fluorescent response was normalized against a zero control.

2.8.4 Immobilisation of biotinylated anti-InlB polyclonal antibody on biochip
platform, traced with streptavidin-CyS

Biotinylated anti-IpiB antibody was immobilised by passive adsorption onio
polystyrene (PS) cone platforms (1/100 of stock) and left to react for two hours at
room temperature. The platforms were then washed 5 times with PBS (Table 2.4)
containing 0.05% (v/v) Tween 20 and five times with PBS (Table 2.4) to remove any
unbound antibody. The platforms were blocked by immersing the chip in PBS (aé
before) containing 1% (w/v) BSA and incubating the chip for 1 hour at 37°C. The
blocked platforms were subsequently washed as before and streptavidin-Cy5 diluted
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in PBS was added to the antibody spots on the cone surface (1/500 dilution). This was
left 10 react for two hours at room temaperature, after which the platforms were washed
as before. The fluorescent signal generated from the immobilised biotinylated anti-
IniB antibody, traced with streptavidin-Cy3, was detected using a CCD camera with

exposure times of 5-10 seconds.

2.8.5 Biochip assay for detection of InlB with streptavidin-CyS5 as {racer molecule
InIB-F3 recombinant protein fragment was immobilised by passive adsorption onto
polystyrene (PS) cone platforms (20ng/pl) and left to react for two hours at room
temperature. The platforms were then washed 5 times with PBS (Table 2.4)
containing 0.05% (v/v) Tween 20 and five times with PBS (Table 2.4) to remove any
unbound antigen. The platforms were blocked by immersing the chip in PBS (as
before) containing 1% (w/v) BSA and left to incubate for 1 hour at 37°C. The blocked
platforms were washed as before and biotinylated anti-InlB polyclonal antibody was
spotted onto the InlB-F3 immobilised cones (1/100 dilution) and left to react for two
hours at room temperature. The platforms were then emptied and washed as before to
remove any unbound antibody. Streptavidin-Cy35 diluted in PBS (as before) was then
added to the antibody-antigen spots on the cone surface (1/500 dilution). This was left
to react for two hours at room temperature, after which the platforms were washed as
before. The fluorescent signal generated from the immobilised biotinylated anti-IniB
antibody, traced with streptavidin-Cy5 was detected using both a CCD camera with

exposure times of 5-10 seconds.
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2.9 Detection of Parvovirus B19

2.9.1 Enzyme-linked immunosorbent assay (ELISA) for the detection of
Parvovirus B19

Microtitre plates were coated with 4ug of coating antibody (anti-parvovirus B19
antibody) and incubated for 1 hour at 37°C. The plates were emptied and washed 5
times with TBS (Table 2.4) contarning 0.05% (v/v) Tween 20 (TBST), and blocked to
prevent non-specific binding with blocking solution (200ul/well). This blocking
solution comprised of PBS (Table 2.4) containing 10% (w/v) sucrosc and 1% (w/v)
BSA. The plates were mcubated for 1 hour at 37C and washed as before with TBST.
Recombinant VP2 capsid profein dilutions were prepared in low pH sample diluent
(Biotrin International, Dublin), at concentrations ranging from 1pg-10ug/ml. Each
VP2 concentration was added to the plates in triplicate (100p)/well) and incubated at
37°C for 1 hour. The plates were washed as before and peroxidase-labelled anti-VP2
antibody added, previously diluted to 1/10000 with enzyme conjugate diluent,
{100ul/well) and incubated at 37°C for t hour The plates were washed, as before, and
TMB substrate added (100ul/well). After 10 minutes incubation at 37°C the

absorbances at 620 nm were determined using a Tecan Safire” plate reader.

2.9.2 Fluorescence-based immunoassay (FL) for the detection of Parvoviros B19

Microtitre plates were coated with 4pg of coating antibody (anti-Parvovirus B19
antibody), and incubated for 1 hour at 37C. The plates were then emptied and washed
5 times with TBS (Table 2.4) containing 0.05% (v/v) Tween 20 and blocked to
prevent non-specific binding with blocking solution (as before, Section 2.9.1). The
plates were then incubated for 1 hour at 37 °C. Recombinant VP2 capsid protein
dilutions were prepared in low pH sample diluent (Biotrin Internationat, Dublin), at
concentrations ranging from 1pg-10pg/ml. The plates were washed as before and each
VP2 concentration was added in triplicate (100pul/well), and incubated at 37 °C for 1
hour. The plates were washed (as before) and biotin-labelled anti-VP2 antibody,
previously diluted to 1/800 with enzyme conjugate diluent, (Biotrin International,
Dublin) was added (50ul/well) along with avidin-FITC conjugate previously diluted
m the same diluent to 20ug/ml, (50ul/well). The plates were incubated at 37°C for 1
hour, washed as before and the fluorescence response determined using a Tecan

Safire® plate reader with excitation at 494 nm and emission 518 nm,
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2.9.3 Chemiluminescence-based immunoassay for the detection Parvovirus B19
Microtitre plates were coated with 4pg of coating antibody (anti-Parvovirus Bi9
antibody), and mcubated for 1 hour at 37C. The plates were then emptied and washed
5 times with TBS (Table 2.4) contaiung 0.05% (v/v) Tween 20 and blocked to
prevent non-specific binding with blocking solution (as before, Section 2.9.1). The
plates were then incubated for 1 hour at 37 °C. Recombinant VP2 capsid protein
dilutions were prepared in low pH sample diluent (Biotrin International, Dublin), at
concentrations ranging from 1pg-10ug/ml. The plates were washed as before and each
VP2 concentration was added n triplicate (100upl/well), and incubated at 37 °C for 1
hour. The plates were washed, as before, and peroxidase-labelled anti-VP2 antibody,
previously diluted to 1/10000 with enzyme conjugate diluent was added (100ul/well),
and incubated at 37°C for 1 hour. The plates were washed, as before, and
luminol/iodophenol/hydrogen peroxide substrate was added, (100ulfwell). The

luminescence response was determined using a Biotek plate reader.

2.9.4 Biomolecule immobilisation on cone platforms

Plate-based assays for the detection of Parvovirus B19 were reproduced on optical
enhancement cone structures (Optical sensors group, Biomedical Diagnostics
Institute, DCU) using the same antibodies, antigen and reagents provided by Biotrin
International, Dublin. Both polycarbonate (PC) and polystyrene (PS) cone platforms
were made available for investigation. A number of surface modification strategies for
optimal biomolecular immobilisation were exanuned. These included treatment of the
polymers with an oxygen plasma prior to immobilisation, modification of the
platforms with glutaraldehyde and the use of indium tin oxide (ITO)-coated polymer
materials with and without aminopropyl-tn-ethoxysilane (APTES). A matrix
approach was taken for each modification step, in that each method was examuned in
series, with appropriate controls. The success of each strategy was evaluated by
determining the amount of horseradish peroxidase (HRP) successtully immobilised on
each modified surface. This was achieved by inmobilising a range of concenirations
of HRP (0-1000pg/ml) on the modified platforms and assessing HRP mcorporation
with TMB substrate. Once an optimal method was chosen, the procedure was repeated
for the ami-VP2 antibody (Biotrin International, Dublin) for further assay

development.
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2.9.4.1 Investigation of biomolecule immobilisation on cone platforms

Dilutions of plant HRP were prepared in PBS (Table 2.4) and 20pls of each
concentration (0-1000 pg/ml) was added to the modified cone platforms and left to
react for two hours at room temperature. The platforms were then emptied and
washed 5 times with PBS (Table 2.4) containing 0.05% (v/v) Tween and five times
with PBS (Table 2.4). The amount of bound HRP was determined by adding TMB
(3,3’,5,5" -Tetramethylbenzidine dihydrochloride) substrate to each of the cone
assemblies. The TMB substrate was prepared by dissolving lmg of TMB in 200ul
dimethylsulphoxide (final concentration of DMSO was 2% w/v). This TMB solution
was added to 9.8ml of 100mM citric acid buffer, pH 5.5, and mixed to homogeneity.
To this solution, immedately prior to assay, 3ul of H,O, (30%, v/v) was added and

mixed to give a final concentration of 0.03% (v/v) H;O. in the reaction solution.

Twenty microlitres of prepared TMB substrate was added to each cone assembly and
the platforms were covered to protect from light as the reaction proceeded. Fifteen
microlitres of the reacted TMB substrate from each cone was then pipetted into an
appropriate well in a microplate and 135yl of reaction solution was added and mixed
for 3min (1/10 dilution, total volume of reaction in each well is 150pl1). The
absorbances for all samples were read at 620nm. This method was based on the fact
that TMB substrate produces a biue colour in the presence of HRP catalytic activity,
which can be spectrophotometrically measured at 620nm (Ryan er al.,, 1994).

2.9.4.2 Detection of immobilised anti-VP2 antibody on cone platforms
HRP-conjugated anti-VP2 antibody was immobilised via glutaraldehyde crosslinking
on polystyrene (PS) cone platforms (0-1000pg/ml) and left to react for two hours at
room temperature. The platforms were washed 5 times with PBS (Table 2.4)
contgllning 0.05% (v/v) Tween 20 and five times with PBS (Table 2.4) to remove any
unbound antibody. The amount of bound HRP-conjugated anti-VP2 antibody was
determined using TMB substrate, (as before, Section 2.9.4.1).
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2.9.4.3 Enzyme-based sandwich assay for the detection of VP2 on cone platforms
Polystyrene cone platforms were treated with differing percentage concentrations of
glutaraldehyde; 2.5%, 1% and 0.25% (v/v), prepared in PBS (Table 2.4). Anti-VP2
coating antibody (3.91ug) was spotted on the cones of each platform and incubated
for 2 hours at RT. The platforms were washed 5 times with TBS (Table 2.4)
containing 0.05% (v/v) Tween (TBST), and blocked to prevent non-specific binding
with blocking solution (200ul/well), as before, Section 2.9.1. The platforms were
incubated for 2 hours at RT and washed as before with TBST. Recombinant VP2
capsid protein dilutions were prepared in low pH sample diluent (Biotrin
International, Dublin), at concentrations ranging from 1ng — 10,000ng/ml. Each VP2
concentration was added in triplicate (3 cones) and incubated at RT for 2 hours. The
chip platforms were washed as before and peroxidase-labelled anti-VP2 antibody
{previously diluted to 1/10000 with enzyme conjugate diluent) was added to each
cone and incubated at RT for 2 hours. The platforms were washed, as before, and
TMB substrate (prepared as per Section 2.9.4.1) was added (20ul/cone).The

absorbances for all samples were read at 620nm.

2.9.4.4 Chemiluminescence-based detection of HRP on cone platforms

The immobilisation of HRP via glutaraldehyde crosslinking on polystyrene (PS) cone
platforms (0-1000 pg/ml) was visualised by the i suu addition of luminol/iodophenol
substrate to cone platforms using a 5ml luer-lock syringe. The detection of the
chemiluminescence signal generated from immobilised-HRP, was captured with a

CCD camera using an exposure time of ~40 s,

2.9.4.5 Fluorescence-based detection of anti-VP2 antibody on cone platforms

Anti-VP2 antibody-biotin conjugate was immobilised via glutaraldehyde crosslinking
on polystyrene (PS) cone platforms (1/800 dilution as per Section 2.9.2) and left to
react for two hours at RT. The platforms were then emptied and washed 5 times with
PBS (Table 2.4) containing 0.05% (v/v) Tween and five times with PBS (Table 2.4)
to remove any unbound antibody. Streptavidin-Cy5 prepared in PBS (as before) was
then added to the antibody spots (0-1000 pg/ml) and left to react for two hours at RT.
The platforms were emptied and washed as before. The fluorescent signal generated
from the immobilised biotn anti-VP2 antibody traced with streptavidin-Cy5 was

detected using a CCD camera with exposure times of 5-10 seconds.

98



2.10 Immunostaining Application

2.10.1 Slide Preparation

Glass microscope slides were cleaned in 50:50 MeOH: HCI solution for thirty
minutes. They were then rinsed three times in de-iomsed water and left to air dry for
thirty minutes in a slide rack. Two types of poly-L-lysine were mvestigated for
optimal coating of the glass slides. The fust method involved the use of stock poly-L-
lysine solution diluted 1/10 (v/v) in sterile filtered PBS (Table 2.4). This solution was
spotted onto clean slides and left to incubate for two hours. It was then ninsed off with
ultra pure water and left to air-dry overnight. The second method utilized poly-L-
lysine hydrobromide diluted 0.1% (w/v) in sterile molecular grade water. This
solution was spotted onto clean slides and left to incubate for two hours. It was then

rinsed off with ultra pure water and left to air-dry overmght.

2.10.2 Cell Preparation

1ml of Listeria monocytogenes cells were used to inoculate 50ml of Brain Heart
Infusion (BHI) medinm (Table 2.3). This was grown at 200rpm for 4 hours at 37°C,
while shaking. The cells were then sub-cultured by inoculating 3ml into 50ml of
Listeria Enrichment Broth (LEB) (Table 2.3) and growing overnight at 37°C, while
shaking at 200rpm. The culture was then centrifuged at 3,200 x g to pellet the cells.
The pellet was resuspended in a 1/10 dilution of PBS (Table 2.4), to wash the cells
and re-centrifuged at 3,200 x g. This was repeated three times and the cells were
finally resuspended in 2.5% (v/v) glutaraldehyde in PBS (Table 2.4). A series of
dilutions (Neat, 1/25, 1/50, 1/100) of the cell suspension were prepared in PBS (as
above), and spotied onto the poly-L-lysine coated slides. The cells were left to fix for

thirty minutes at room temperature.

2.10.3 Immuneostaining with anti-InlA antibody and quantum dots

Once the cells had been fixed for thirty minutes, the slides were washed three times m
PBS (Table 2.4). A 2% (w/v) solution of BSA was prepared in PBS (as before) and
used to block the stides for 1h at RT, to prevent non-specific binding. The slides were
washed again in PBS and the primary antibody was prepared. An anti-InlA
monoclonal antibody was biotinylated (Section 2.5.2.1) and subsequently diluted
17100 (40pg/ml) in a 1% (w/v) solution of BSA prepared in PBS (as before). This was
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added to each slide and incubated for 1hr at RT, after which the slides were washed
three times in PBS (as before). A 20nM solution of avidin-linked fluorescent label
(quantum dots, Cy5 or FITC) was diluted in incubation buffer (0.2M borate, pHS8.2),
added to each slide and incubated at RT for thirty minutes. The slides were washed
three times in PBS (as before), and mounted with 90% (v/v) glycerol for imaging.

2.10.4 Camera arrangement

For each fluorescent label a specific emission filter was purchased from Chroma
Technology and inserted into the filter block of a Nikon fluorescent microscope with
12-bit cooled QICAM fast monochromatic camera (Figure 2.1) and Image Pro Plus
software. The slides were viewed using the oil immersion lens and an objective of

40x. The resulting images were processed using the image pro software.

Figure 2.1.  Nikon Fluorescent microscope (TE2000, Nikon Inc.) and 12-bit cooled
QICAM fast monochromatic camera (1394, QImaging™) used for the fluorescent
imaging of quantum dot-labelled bacterial cells. This set up was controlled with
Image Pro Plus software, supplied by Slidepath, DCU.
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2.11 Development of labeless reversible immunosensors for the detection of InlB
2.11.1 Fabrication of electrode sensor platforms

Screen-printed electrode sensor platforms were provided by Microamray Lid.
(Manchester, UK) as shown in Figure 2.2. The actual size of the sensor is 60x20mm

and the area of the working and the counter electrodes are 22mm® and 72mm’,

respectively.
Contact pad area
for connection to
instruinent
i o
iy 4
Area masked by dielectric
coat to ensure consistent
electrode dumensions
Carbon-ink
counter electrode
Carbon-1nk
working electrode

Ag/AgCl
reference electrode

Figure 2.2 Screen-printed electrode sensor platform (Microarray Lid., Manchester,

UK)

101



2.11.2 Instrumentation

A Sycopel PCI-100 MK3 Potentiostat computer interface was used m conjunction
with a ‘Ministat Potentiostat’ for electrochemical deposition (Figure 2.3). All
current/charge transients were recorded using compatible PC and Sycopel software.
AC Impedance measurements were performed using an ACM Auto AC DSP
frequency response analyser (Figure 2.4). The test frequency varied from 10000Hz to
1Hz a.c. and a 5SmV amplitude perturbation was used. The potentiostat was linked to
compatible PC utilismng ACM software for data acquisition.

Figure 2.3 AEW?2 ‘Mini Potentiostat’ used in conjunction with Sycopel PCI-100 MKX3

Potentiostat computer interface for all electrochemical deposition investigations.

Figure 2.4 ACM Auto AC DSP frequency response analyser used in conjunction with

Sycopel impedance software for all electrical impedance measurements.
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2.11.3 Electrochemical insulation of carbon working electrode with polyaniline

The monomer solution used was thoroughly purged with N for 20 minutes 1n a sealed
cell to provide an oxygen-free atmosphere. The cycle number and potentiodynamic
sweep rates were determined for each set of electrodes prior to deposition (data not
shown). The insulation of planar carbon electrodes was achieved by sequentially
scanning the working electrode potential from -200mV to 800mV {vs. Ag/AgCl) and
back to the starting potential, at a scan rate of 50mV/s. A 0.2M aniline hydrochloride
solution was prepared in a 0.5 M KCl, pH 1.0. The conducting films increased in
thickness, as more charge was passed with each potential sweep. The optimisation of
cycle number and the polymerisation time was dependent on the quality of the
monomer solution and previous studies have shown that 15 cycles was sufficient for

optimal electrodeposition of the polymer thin-films.

2.11.4 Sensor modification

Potentiodynamic cyclic voltammetry was employed for the electrodeposition of
polyaniline (PANI) as a planar thin-film over the working electrode of the carbon
sensor After 15 cycles the sensor was subjected to a single linear sweep to 800mV,
removed from the set-up, rinsed in aniline buffer at pH 1.0 and left to air-dry
overnight, Water-soluble biotin-sulpho-NHS (30pl), at a concentration of 10 mg/ml
was placed on the polymer-coated working electrode surface for 24 hours. The
sensors were then rinsed with deionised water. Neutravidin (30pl), at a concentration
of 10ug/ml was then placed on the working electrode for 1 hour. Finally, the sensor

surface was thoroughly rinsed with de-ionised water.

2.11.5 Immobilisation of biotinylated antibodies on modified sensor surfaces

Biotinylated antibody (100pl of a 1mg/ml solution) was added to the sensor surface.
This solution was left to incorporate at the working electrode for 1 hour at room
temperature and any unbound material nnsed off with deionsed water. Finally, any
non-specific interactions were blocked by adding 10® M bovine serum albumin
~ (BSA) in PBS (Table 2.4) to the sensors for 1 hour at room temperature. The modified

sensors were washed with deiomsed water and left in PBS, (as above), overnight at 4°
C
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2.1L.6 Electrochemical Impedance Spectroscopy (EIS).

A Gill AC DSP Frequency Response Analyser was used to perform electtochemucal
impedance spectroscopy (EIS). Data processing and interpretation of the
electrochemical impedance measurements were analysed, over a frequency range
from 10,000Hz to 1Hz, (SmV amplitude perturbation). Following the immobilisation
of antibody molecules at the sensor surfaces, EIS was performed to interrogate the
electrodes. A baseline trace was recorded initially in PBS, (Table 2.4), alone.
Antibody-loaded sensors (electropolymerised carbon thin-film), were then exposed
for 30 minute time periods to increasing concentrations of antigen by serial addition.
After 30 minutes exposure to a single concentration, the working electrode was
flushed with PBS, (as before) and the impedance trace was then recorded in PBS, (pH
7.4) alone between 10,000Hz to 1Hz. This process was then repeated for the full

range of antigen concentrations from 1ng/ml-100ng/ml.

Complex plane impedance analyses were used to relate the changes in sensor output
to the antibody/antigen binding events at the electrode-polymer interface. These
changes included the differing redox states of the polymer, the faradaic charge
transfers and also the capacitive transduction events. Results were plotted in
representative Nyguist and Bode forms as well as a percentage change in impedance

from the baseline response,
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2.12 Biocompatibility Testing

2.12.1 Culturing of rat aortic smooth muscle cells (RASM)

Cell culture medinm was made as per Table 2.7. The medium was poured off
carefully and the cells washed gently with PBS (Table 2.4). The cells were harvested
by adding 3mi of 10x trypsin-EDTA to the flask and incubating for three minutes, at
37°C. The flask was then tapped gently to dislodge harvested cells. 9 ml of medium
was added to neutralize the trypsin and the contents transferred to a sterile universal
tube. The cells were centrifuged at 1,600 x g for 10 minutes. The medium was then
poured off gently and the pellet resuspended in Iml PBS (as above). An additional 9
mls of PBS (as above) was added to the resuspended pellet and the solution
centrifuged again at 1600g for 10 minutes to wash pellet. The supernatant was poured
off and 1ml medinum added to the tube to resuspend the pellet. The cell suspension
was then added to 30ml of medium using an appropriate split ratio (1:4), and
transferred to T-75 flasks for incubation at 37°C in 5% CO; .The cclls were fed every
two days by pouring off medium and gently adding 14 ml of new medium to the flask

taking care not to disturb cells.

2.12.2 Freezing of cell lines

The cells were trypsinised and then pelleted by centrifugation at 1,600 x g for 10
munutes, The pellet was resuspended in feetal calf serum with 10% (v/v) DMSO and
aliquoted mto 1ml cryovials. The cryovials were frozen in the vapour phase of liquid
nitrogen for two hours before transferring to liguid phase for long-term storage. The

vials were labeled with cell line, stock, date and passage.

2.12.3 Cell Counting
The cells were trypsinised to harvest as before. The pelleted cells were tesuspended in
1ml fresh medium and 50pl of cell suspension removed to a sterile eppendorf. 10 of
Trypan Blue was added to the cell suspension and ncubated at RT for five minutes. A
haemocytometer was used to count the cells using the following formula to calculate
number of cells/mi;

N x DFx 25 x 10*
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where N is the average number of cells counted and DF is dilution factor of cells to
dye. Dead cells are stained blue, while healthy cells remain white. Percentage viability

is calculated by expressing blue cells (dead) over white cells (alive) as a percentage.

2.12.4 Preparation of substrates for biocompatibility testing
Substrates were placed in a beaker of methano} with a magnetic stirrer for five to ten
minutes. The stainless steel substrates were subsequently rinsed in de-ionised water.

They were then placed i aluminivm foil and autoclaved at 121°C.

2.12.5 Cytotoxicity testing of 316L stainless steel substrates

An MTT (3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide) assay kit
(Roche Diagnostics), was used to assess the toxicity of treated and untreated
substrates on RASM cells in culture. Cells were seeded with the treated and untreated
substrates as per the plate layout with the plates m triplicate. Cells were grown in 24
well plates with substrates for 48 h and 72h at high density. 100ul (x6) of suspension
from each sample was removed to a 96 well plate and incubated with the yellow MTT
solution for approx. 4 h. After this incubation period, purple formazan salt crystals
were formed. These salt crystals are mscluble in aqueous solution, but may be
solubitised by adding the solubilisation solution and incubating the plates overnight in
humidified atmosphere (37°C, 5% CO.). The solobilised formazan product was
spectrophotometrically guantified using a Tecan Safire plate reader. An increase in
number of living cells results in an increase in the total metabolic activity in the
sample. This mcrease directly correlates to the amount of purple formazan crystals

formed, as monuored by the absorbance at 503nm.

2.12.6 Cell Proliferation & Viability

The cells were seeded with substrates in triplicate (1x10%ells/ml). The plates were
incubated for 24 h at 37°C in 5% CQO, and fed as before. After 24 hours, samples were
removed from each well and retained for subsequent testing; the plates were then
incubated for a further 24, 48 and 96 h in the same environmental conditions (37°C in
5% COy) At each time point (24 h, 48 h and 96h) the cells were trypsinised for

assessment with Trypan Blue stain to determine cell proliferation, density and

106



viability. The substrates were retained for cell adhesion testing, on completion of the

entire time course.

2.12.7 Standard Glutaraldehyde Fixation for SEM

Samples were removed from cultwre medium, rinsed with PBS (Table 2.4) and
incubated at room temperature for 1 hour in PBS (as before) containing 2.5% (v/v)
glutaraldehyde. The samples were then washed in O 1M cacodylate buffer, pH 7.4
(Table 2.4) and incubated for a further 2 hours at 4°C m 1% (v/v) osmium tetroxide in
0.1M cacodylate buffer, pH 7.4. The glutaraldehyde/osmium tetroxide-modified
substrates were then washed briefly in 0.1M cacodylate buffer, pH 7.4. Dehydration
was performed on each of the samples to remove any traces of moisture, by
incubating the substrates in a graded series of ethanol concentrations trom 50, 60, 70,
80, and 90% (v/v), for 15 minntes each. Finally the substrates were incubated 2 x 10

mum in 130% (v/v) ethanol and dried overnight in a bell chamber under vacuum.

2.12.8 Characterisation of substrates post incubation in culture

Two techniques were used for the characterisation of substrates post incubation m
culture. In order to assess cell adhesion, cells were fixed with glutaraldehyde/PBS. as
per Section 2.12.7. Scanning electron microscopy was used to study the morphology
of adherent RASM cells and to compare the cell adhesion response on the different
surfaces. All tests were performed on a Hitachi S 300N scanning electron microscope
(SEM) located in the School of Chemical Sciences, DCU. The samples were
immobilised on a2 25mm aluminum stub and fixed in place using a sticky carbon disc.
The secondary electron detector mode was used and measurements were taken using a
relatively high KV (~20KV) since large magnifications were not required. The
parareters for each sample were individually optimised to give the highest resolution,
by aliering the following conditions of gun alignment, shift, tilt, spot size, beamn
current and stigmata. In order to assess the effect of culture conditions on the
substrates, the cells were first removed by trypsinisation. The substrates were then
passed on to colleagues m the School of Engineering, (DCU) for evaluation, whereby
contact angle measurement was used to assess hydrophobicity and hydrophilicity of

the substrates post incubation in culture.
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Chapter 3:
Production & characterisation of Listeria
monocytogenes-derived proteins and

expression of anti-InlB antibodies.
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3.1 Chapter introduction

This chapter describes the cloning and expression of the L. monocytogenes invasion-
associated protein Internalin B (InlB) peptide fragments into two vector systems, the pQE-
60 vector (Qiagen Ltd.) and the pAC4 vector (Avidity Corporation). The Internalin B
protem was previously cloned an expressed in pQE-60 (Leonard, 2003). The IniB protein
was sub-divided into three shorter overlapping peptide fragments with molecular weights
of 23, 34 and 45kDa, respectively. Expression of the InlB fragments in £. coli X1.-10 Gold
cells, using the Qiagen system allows purification of His-tagged proteins unsing
immobilised metal affimity chromatography (IMAC). Expression of recombinant InlB
protein fragments in E. coli AVB101 cells, using the Avidity system enables m vivo

biotinylation of the fragments and sabsequent affinity purification using monomeric avidin.

The cloning and subsequent expression of recombinant L. monocytogenes protein
frapgmenis offers several advantages over the isolation of native proteins from whole L.
monocytogenes cells. Cloning eliminates the need for growing large-scale cultures of this
bacteral pathogen and provides an unlimited supply of the recombinant proteins that may
have incorporated affinity tags enabling one-step purification and enhanced functionality.
The fusion of a polyhistidine tag at the C terminus of each protein fragment enables easy
punification and expression, while the addition of a Biotin AviTag to the fragments allows
in vivo expression of biotin on each fragment. The incorporation of such tags into the
recombinant protein fragments generated improved reagents which could be used in
association with anu-InlB antibodies, for the development of enhanced assays for the
detection of InlB. An overview of both vector systems 1s presented here and a description

of protein expression and purification is also described.

109



3.1.1 QIlAexpress cloning

High-level expression of 6xHis-tagged proteins in E. coli is achieved using the QIAexpress
pQE vectors, which enable selective purification of cloned proteins using nickel-
nitrilotriacetic acid (Ni-NTA). The pQE plasmids belong to the pDS plasmid family
(Bujard et al., 1987) which were derived from the plasmids pDS56/RBSII and
pDS781/RBSII-DHFRS (Stuber et al, 1990). The 6xHis tag is an affinity tag of six
consecutive histidine residues and is uncharged at physiological pH. Depending on the
intended use of the expressed protein pQE vectors incorporating either C- or N-terminal
6xHis tags are available. When incorporating C-terminal His tags the cloned insert must be
in-frame with the ATG start codon and the 6xHis tag thus ensuring only full-length
proteins are purified. The pQE-60 expression vector incorporates a number of important
features which contribute to the high level expression of recombinant proteins in E. coli
(Figure 3.1).

BamHI

Ncol

=
on
IEJ
ﬂ>’ Lac O  LacO [ RBS [T ATG [] MCS 6xHis Stop codon

Ampicillin >
resistance

Figure 3.1 pQE-60 vector used for C-terminal 6xHis tag constructs. PT5: T5 promoter

with a repression module to regulate expression of proteins in E. coli; Lac O: Two lac
operator sequences for increased lac repressor binding and therefore efficient repression
of T5; RBS: synthetic ribosomal binding site for efficient translation; ATG: start codon;
MCS: multiple cloning site with Nco I, Bam HI and Bgl III restriction sites; 6xHis: affinity
tag of 6 consecutive histidine residues; Stop codons: Stop codons in all three reading

frames; Col E1: Col EI origin of replication.
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The RNA polymerase from E. coli recognises the phage TS5 promoter found in the plasmid,
which also harbours two lac operator sequences that increase lac repressor binding,
therefore allowing efficient repression of the T3 promoter. The plasmod also compnises a
synthetic ribosomal binding site, RBSII, for increased translation and a sequence coding a
6xHis-tag located 3’ to the cloning region. A multiple cloning site and translational stop
codons in all reading frames facilitate preparation of the expression construct. The B-
lactamase gene (bla), which confers ampicillin resistance and the colEl origin of

replication are also important features that are encoded for in the pQE-60 plasmud.

3.1.2 pAC4 Avidity cloning

The Biotin AviTag is a unique peptide sequence, 15 residues long, that is recognised by
biotin ligase (Schatz, 1993). In the presence of ATP, the ligase specifically attaches biotin
to lysine residue in the sequence of target molecules. Avidity Corporation (Colorado, USA)
has developed a series of vectors, namely AviTag pAC4, pAC5 & pAC6 that enable the
efficient fusion of the Biotin AviTag to proteins and antibodies. Efficient biotinylation of
Biotm AviTag-fused proteins can be achieved by expressing in a specialised E. coli strain
(AVB101) also from Avidity Corporation. The AVB101 strain contains the pACYC184
ColE1 compatible plasmid with an IPTG-inducible birA gene to over express baotin ligase
(pBirAcm). This strain is recommended for protein expression because of its robust
growth and the absence of the OmpT and Lon proteases. Elevated levels of biotin ligase in
the cells ensure complete biotinylation of Biotin AviTag-fused proteins. The Biotin AviTag
can be easily introduced at either the N- or C- terminus of any cloned target protein
(Tatsumi er al., 1996). The InlB protein fragments were sub-cloned from the pQE-60
vector as BamH1/Ncol constructs and transferred into the pAC4 vector for subsequent
expression in F. coli AVB101 cells. The main advantage of the pAC4 vector is that it has
muliiple cloning sites, & high copy number plasmid and a strong IPTG-inducible promoter
which facilitates simple transfer of the recombinant protein fragments to this expression
system. In addition the Biotin AviTag has only one fifth of the bulk of alternative
biotmylation tag sequences that are over 85 amino acid residues long. This greatly reduces

steric problems. Figure 3.2 shows the vector map of the pAC4 expression vector.
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Startcodon | | MCS | | Biotin AviTag peptide | | ;m];tg;a R || Stop codon

Ampicillin resistance

Figure 3.2 pAC4 vector used for C-terminal AviTag protein fusions. Promoter: promoter

with a repression module to regulate expression of proteins in E. coli; Start codon: start

codon; MCS: multiple cloning site with Nco I and Bam HI restriction sites; Biotin AviTag
peptide: 15 residue peptide sequence recognised by biotin ligase, for creation of a
biotinylated-fusion protein; Transcriptional terminators; transcriptional terminators are
also encoded on the plasmid, which prevent read-through transcription and increase
construct stability; Stop codon: Stop codons in all three reading frames; Ampicillin

resistance: the f-lactamase gene (amp) confers ampicillin resistance.

The plasmid has an IPTG-inducible Trc promoter, which is recognised by the RNA
polymerase from E. coli. A multiple cloning site and translational stop codons in all
reading frames facilitate preparation of the expression construct. A glutamic acid residue
which has been shown to greatly enhance biotinylation rates of the AviTag (Beckett ef al,,
1999) is also included. Other important features that are encoded in the pAC4 plasmid are
the B-lactamase gene (bla) confers ampicillin resistance and the lac I inserted at EcoRV

site (thus disrupting the tet® gene).
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3.1.3 Protein expression

E. coli 1s the most frequently employed host with many available expression systems for
producing proteins (Makndes, 1996). High-level recombinant protein expression using
pQE-60 is induced upon addition of isopropyl-B-D-thiogalactoside (IPTG). IPTG binds to
the lac repressor protein resulting in ats dissociation. This allows the host strain’s RNA
polymerase to transcribe the sequence downstream of the promoter sequence with the
resultant transcript being translated into the specific recombinant protein sequence
requured. However, sometimes the levels of protein expression are low despite the use of
strong transcriptional and translational signals. In snch cases, there are a number of

approaches that can be used to optimise expression levels.

Examination of the codon usage of the heterologous protein can be advantageous since not
all mRNA codons are used equally The so-called major codons are those that occur in
highly expressed proteins, whereas the minor or rare codons tend to be in genes expressed
at a low level. If the codon usage of your target protein differs significantly from the
average codon usage of the expression host, this can cause significant problems during
expression such as decreased mRNA stability, premature termination of translation,
frameshifts, deletions and msincorporations (Kane, 1995). If any of these problems occeur,
protein synthesis can be inhibited and the observed levels of expression are often low.
However, expression levels in such situations can be improved by replacing codons that are
rarely found in highly expressed E. coli genes with more favourable codons throughout the
whole gene (Lainé et al., 2002). A high GC content in the 5-end of the gene of interest can
also cause interrupted translation and lower levels of expression. Thus, higher expression
levels can be obtained by changing G and C residues at the 5'-end of the coding sequence
1o A and T residues without changing the amino acids. The addition of a fusion partner can
also improve expression levels (Murby et al, 1996). Fusion of the N-terminus of a
heterologous protein to the C-terminus of a highly-expressed fusion partner often results in

high level expression of the fuston protein (La Vallie ef al., 1993).
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Another problem with protein expression is that m many cases the expressed protein is
msoluble and accumulates in so-called inclusion bodies (Makrides, 1996; Choi ef al.,
2005). This 1s especially true under conditions of high level expresston. Several strategics
are available to improve the solubility of the expressed protein by reducing the rate of
protein synthesis, thus improving levels of soluble expression. This can be achieved by
lowering the growth temperature, growth time, inducer concentration or by using a lower
copy number plasmid. Co-expression of chaperones and foldases can also improve soluble
protein expression (Bessette et al., 1999). Molecular chaperones promote cellular targeting
by transiently mteractimg with folding intermediates (Georgiou and Valax, 1996). Foldases
such as disulphide oxidoreductase (DsbA), disulphide isomerase (DsbC) and protein
disulphide isomerase (PDI) also exhibit chaperone activity and co-expression of one or

more of these foldases with the target protein can lead to higher levels of soluble protein.

Periplasmic expression also has a positive effect on protein expression since the oxidising
environment of the periplasm allows for the formation of disulphide bonds, which do nrot
occur 1n the reducing environment of the cytoplasm (Hockney, 1994). Secretion of the
target protein in the penplasm is achieved by the addition of a leader sequence (signal
peptide) to the N-terminus of the target protein and results m reduced proteolysis, thus
mcreasing soluble expression (Humphreys ef al., 2000). The most common leader
sequences are pelB and ompT. E coli does not express large proteins (> 70 kDa) very
efficiently and, therefore, expression of smaller peptide fragments of the target protein can

also improve expression levels and solubility.

In this chapter the high level expression and purification of InIB protein fragments from
two vector systems is presented. His-tagged recombinant InlB protein fragments, from the
pQE-60 vector are expressed upon the addition of IPTG whereas in vivo biotinylated
recombinant proteins fragments cloned into the pAC4 vector are induced upon the addition
of both IPTG and biotin. The pAC series of vectors are used to express C-terminal AviTag-
protein fusions. The pAC4 vector allows co-expression of the AviTag plasmid and the
pBirA gene. The expression of an anti-InlB scFv isolated from a naive human library is
also described and the optimisation of growth, induction and purification conditions is

shown.
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3.1.4 Protein purification using affinity chromatography

Affinity Chromatography can be used to separate biochemical mixtures, based on highly
specific biologic interactions such as antigen with an antibody or a protein with a hexa-
histidine tag and a metal ion (e.g. Ni"). A beterogeneous mixture of molecules in solution,
containing the protein of interest (6xHis tagged protein, biotin-tagged protein) 1s added to a
column containing the affinity partner immobilised on a matrix (Ni-NTA resin or
monomeric avidin on Sepharose). The target molecule for purification binds to the column
while other impurities pass through. Subsequently the captured target molecule can be

specifically eluted and the associated fractions collected.

Hochuli and co-workers (1987) applied IMAC for the purification of recombinant proteins
contamming engineered N- or C-terminal histidine tags. Methods used to elute the His-
tagged protein of interest included changing the pH, or adding a specific molecule, such as
imidazole which competes for binding to Ni** on the column, One of the main advantages
of IMAC purification is its surtability for protein purification under both pative and
denaturing conditions since the interaction between the Ni-NTA and the 6xHis tagged
recombinant protem does not depend on the tertiary structure. There are several
commercially available chelating ligands available. However, for the purpose of this
research, nitrilotriacetic acid (NTA) containing four metal-chelating sites was used, sioce it
binds to the metal ions more stably and retains them under stringent washing and eluting
conditions. IMAC purification was used to purify recombinant InlB protein fragments
cloned from Qiagen’s pQE-60 vector, whereas affinity chromatography using immobilised
monomeric avidin on Sepharose was used to purity in vivo biotinylated recombinant InlB

clones from Avidity’s pAC4 vector. Both of these systems are described in this chapter.

115



3.1.5 Chapter outline
This chapter outlines the production and characterisation of Internalin B-derived protein

fragments. The successful expression and purification of a recombimant form of Internalin
B, a cell surface protein of Listeria monocytogenes is described. The entire IniB
recombinant protein was sub-divided into three shorter overlapping peptide {ragments with
molecular weights of 23, 34 and 45kDa, respectively. Identification of the antibody binding
regions was achieved by probing the expressed polypeptide domains with a panel of InlB-
associated antibodies. Purification of the InlB fragments by immobilised metal affinity
chromatography (IMAC) was optimised and purity monitored by electrophoresis and
Western blotting.

The InlB protein fragments were also successfully cloned into another expression system,
Avidity’s pAC4 vector for i vivo biotinylation. Purification of the in vivo biotinylated InlB
fragments was performed via affinity chromatography using monomenc streptavidin.
Characterisation of cloned proteins was monitored by electrophoresis, Western blotting,
Biacore and fluorescence-based detection methods. Finally an anti-InlB antibody fragment
(scFv), previously isolated from a naive human library was studied and optimisation of

expression and purification conditions was investigated.

The expression and purification of the InlB protein fragments, epitope mapping and
recombinant anti-InlB antibody expression were investigated for the subsequent application
of these reagents as antigens and antibodies in novel immunoassay formats for the

improved detection of InlB.
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3.2 Epitope mapping of InlB

An epitope mapping study of the Listeria monocyiogenes invasion-associated protein
marker, IniB, was undertaken in order to identify peptide fragments that could be employed
as antibody binding sites for immunoassay development. Epitope mapping is used for the
determination of the relative location of epitopes on the surface of antigens, thus
facilitating the definition of antigenic sites {(Westwood and Hay, 2001). This is particularly
useful for the successful development of improved immunoassays with greater sensitivity
and reproducibility. Synthetic peptide technology facilitates the production of a series of
overlapping peptides, offset with respect to each other by one amino acid, which can be
used to mimuc the linear antibody-binding region. However, synthetic peptide technology is
limited in that only a small number of overlapping peptides (routinely 96) can be
conveniently synthesised at once, which is normally too short to cover the whole protein of
interest (Westwood and Hay, 2001). In order to define the antibody-binding domains of the
Listeria monocytogenes invasion-associated protein marker, InlB, shorter overlapping
peptide fragments were cloned to determine which InlB polypeptide domain was most
immunoreactive. This section describes the cloning and expression of the peptide
fragments in the pQE-60 expression vector (Qiagen Lid.). Identification of the antibody
binding regions was achicved by probing the expressed polypeptide domains with a panel
of anti-InlB antibodies and antibody fragments.

3.2.1 Cloning of InIB Fragments into the pQE-60 expression vector

In order to express high levels of the comect InlB gene products, the InlB gene sequence
was directionally cloned into the Qiagen pQE-60 expression vector (Section 3.1.1). The
InlB recombinant protein was sub-divided into three shorter fragments. This was achieved
by designing specific primers incorporating suitable restriction sites, compatible with
chosen expression systems for transformatuon mto E. coli (Sections 2.2.8-2.2.14). The pQE-
60 plasmids containing the cloned inserts were then transformed into competent XI.-10
Gold E. celr, since they harbour the lac I mutation and produce enough lac repressor to
efficiently block transcription, making them ideal for storing and propagating pQE
plasmids (Qragen Ltd, 2000). Transformants were screened by growing up single colonies
of each fragment in small-scale cultures. Factors affecting the expression and recovery
levels of the recombinant proteins were optimised individuaily for each fragment. Figure
3.3 1llustrates an overview of the processes involved in the cloning of the InlB protein

fragments.
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Genomic DNA
isolation

L.Monocytogenes
PCR amplification
N Direct purification of amplified PCR
products to exiract insert DNA
Bl pamin
[ Insert

BamH1/ Ncol restriction and
ligation of insert into pQE -60

PQE-60
O\

Transformation into XL-10 gold E.coeli

Figure 3.3 Overview of the processes involved in the cloning of the InlB gene sequence for

epitope mapping. DNA from Listeria monocytogenes was prepared and the InlB gene
sequence (and InlB gene fragments) amplified by using specific PCR primers. Fresh PCR
products (PCR A overhangs degrade over time) were directly purified using a commercial
kit (Promega Wizard Direct PCR Purification). This eliminated the need for sub-cloning
into the pCR 2.1 vector (TA cloning). Purified plasmid DNA from directly amplified PCR
products were directionally cloned into the pQE-60 expression vector by digestion with
Ncol and BamH] restriction enzymes. The pQE-60 vectors, containing gene inserts, were
finally transformed into E. coli XL10 Gold cells.
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3.2.2 Preparation of genomic DNA
E. coli X1.-10 Gold cells containing the plasmid pQE60, beanng the Internalin B (InlB)
gene, were donated by Dr. Paul Leonard, Applied Biochemustry Group, DCU(Section 2.2).

3.2.3 Primer design

Forward and reverse DNA primers were designed for the genes encoding each section of
the InlB protein based on DNA sequences previously submitted to GenBank. The primers
were based on the sequence of the recombinant IniB protein cloned and expressed from L.
monocytogenes (Accession number AJ012346). The InlB protein is 621 amino acids long.
In order to perform accurate epitope mapping, primers were designed to divide the protein

info three distinct regions F3, F4, F5 as shown below in Figure 3.4.

0 1
LB 62
* = Tull Protein containing hydrophobic region
5 0 400
A —# X domain without hydrophobic region
0 321
F4 -— » ‘Lencine-rich’ repeats
0 248
F3

*» ‘Leucine-rich' repeats (without IzG domain)

Figure 3.4 Schematic of IniB epitope mapping. The full InlB recombinant protein was
portioned info three distinct regions F3, F4 and F5. The expression of smaller protein

[fragments enabled the deniification of antibody-binding domains.

The entire InIB protein consisting of amino acids 0-621 includes the hydrophobic region
and had previously been expressed and purified (Leonard, 2003). The X domain (F5),
which does not include the hydrophobic region of the protein, comprises amino acids G-
400. The ‘leucine-rich’ repeats which contain the IgG domain (F4) is made up of amino
acids 0-321. The F3 region from 0-248 amino acids represents the ‘leucine- rich’ repeat

region with no IgG domain.
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3.2.4, Amplification of InlB gene fragments by PCR

Listeria monecytogenes (AJ012346-Genbank) genomic DNA was used as the template for
the amplification of the InlB gene fragments. Primers were engineered (Section 2.2.8), for
directional cloning of the fragments nto the pQE-60 plasmid. Since protens expressed
from pQE-60 contain a C-termunal 6xHis tag, the genes were cloned in frame with the 3'
sequence encoding the 6xHis tag. A standard PCR reaction was used to amplify the DNA
sequences (Section 2.2.9). The optimum annealing temperature for use with each gene was
determined using a temperature gradient PCR. This involved carrying out several standard
PCR reactions with varying annealing temperatures, ranging from 58 - 65°C. The optimum
annealing temperature for the amplification of each fragment was determined to be 63°C.

Figure 3.5 shows the optimised PCR amplification of cach InlB gene fragment by PCR.

~1090bps

Figure 3.5 Agarose gel showing the amplification of the IniB gene fragments for mapping
of anti-InlB antibody binding domains. Lanes (1) and (17): show a 1kb plus DNA ladder;
Lanes (2)-(5): show the amplification of the F3 insert with bands visible at approximately
797bps as predicted from primer design; Lane (6): is a negative control for F3 (no
template DNA); Lanes (7)-(10): show the amplification of the F4 insert with bands visible
ar approxunately 943bps as predicted from primer design; Lane (11): is a negative control
Jor F4 (no template DNA); Lanes (12)-(15): show the amplification of the F5 insert with
bandy visible at approximately 1085bps as predicted from primer design; Lane (16): is a
negative control for F5 (no template DNA).
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3.2.5 Direct Purification of PCR products and preparation of pQE60 vector

The amplified PCR products for each insert (IF3, F4 & F5) were pooled and directly
purified using a commercial kit, the Promega Wizard direct purification kit (Section
2.2.10). This kit removes the need to sub-clone the vector and inserts into a selection
system, such as TA cloning system, by allowing direct purification of amplified PCR
products. The purified PCR products can then be restricted and ligated into the vector of
choice, The pQE-60 vector stock was grown up under normal conditions (Leonard, and the
pQEGO plasrmud DNA purified using the Promega Wizard Plus miniprep DNA purification

system.

3.2.6 BamH1 and Ncol restriction analysis on pQE60 plasmid and purified PCR
products containing cloned gene inserts

The pQE-60 plasmid DNA was then linearised using a BamH]1 / Ncol restriction digest
(Section 2.2.11). A BamH1/Ncol restriction digest was also carried out on the direct PCR
purified inserts containing the cloned genes of interest, (Figure 3.6).

2000bp

1000bp

InlB fragments F3, F4 & ¥5

Figure 3.6 Restriction Digest on PQE-60 vector and InlB cloned inserts F3, F4 & F5.
Larne (1): 1kb plus DNA ladder; Lane (2): BamHI/Ncol restricted F3 gene fragment, Lane
(3): unrestricted F3 gene fragment; Lane (4): BamHI/Ncol restricted F4 gene fragment;
Lane (5): unrestricted F4 gene fragment; Lane (6): BamHINcol restricted F5 gene
fragment; Lane (7): unrestricted F5 gene fragment; Lane (8): BamHI/Ncol restricted
PQE-60 vector; Lane (9): unrestricted pQE-60 vector; Lane (10): 1kb plus DNA ladder.

121



3.2.7 Ligation of vector-insert constructs

The lineansed plasmid DNA from the vector (pQE-6(0) and inserts (F3, F4 & F5) was
subsequently gel purified, following agarose gel electrophoresis, using the Wizard PCR-
prep purification kit (Sections 2.2.2-2.2.3). The gel purified vector and insert constructs
were subsequently ligated (Section 2.2.12). The T4 DNA ligase directionally cloned the
DNA encoding the gene fragments of interest into the linearised pQE-60, for
transformation into competent X1.-10 Gold E.coli cells.

3.2.8 Transformation of competent XI.-10 Gold E.coli cells with pQE-60 containing
the cloned inserts

Competent XL-10 Gold E coli were prepared using the methods described by Inoue ef al.,
1990, (Section 2.2.4). The competent XL-10 Gold E coli were then transformed with the
pQE-60, containing the gene of interest (Section 2.2.13).

3.3 Expression of the recombinant InlB protein fragments

Positive clones were screened by picking single colonies from each transformation plate,
for growth and induction. High-level recombinant protein expression was induced upon
addition of isopropyl-B-D-thiogalactoside (JPTG). XL 10-Gold cells are endonuclease-
deficient (endAl), which greatly improves the quality of plasmid miniprep DNA, and
recombination-deficient (recA), which ensures insert stability. Overmight expression
cultures were prepared (Section 2.2.14). Following growth and induction the bacterial cell
pellet was resuspended in PBS (Table 2.4) and sonicated for 30s to lyse the cells. The
cultures were finally centnfuged at 3,200 x g for 20 min, to remove cell debris and the
supernatant (cell lysaie) analysed by SDS-PAGE. The approximate size of each expressed
protein was determined prior to small-scale expression analysis. The amino acid sequence
of each insert was placed into a software tool from the EMBL database and the molecular
weight and pl calculated accordingly. These approximate values were confirmed by SDS-
PAGE analysis and the theoretical sizes matched up to the actual values. SDS-PAGE
analysis on the F3, F4 and F5 initial expression cultures yielded the appropriate bands at
23, 34 and 45kDa, respectively.
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The SDS-PAGE analysis on the initial small-scale expression cultures of the InlB
fragments in X1.-10 Gold can be seen in Figure 3.7.

E5
(45kDa)

F4
(34kDa)

F3
(23kDa)

Figure 3.7 SDS-PAGE analysis of the expression of InlB fragmenis under native
conditions. Lanes (1) and (10): Sigma wide range molecular weight markers consisting of
aprotinin (6.5 kDa), a-lactoalbumin (14.2 kDa), trypsin inhibitor (20.1 kDa), trypsinogen
(24 kDa), carbonic anhydrase (29 kDa), glyceraldehyde-3-phosphate dehydrogenase (36
kDa), ovalbumin (45 kDa), glutamic dehydrogenase (55 kDa), bovine albumin (66 kDa),
fructose-6-phosphate kinase (84 kDa), phosphorylase B (97 kDa), p-galactosidase (116
kDa) and myosin (205 kDa); Lane (2): F3 induced sample; Lane (3): F3 un-induced
sample; Lane (4): F4 induced sample; Lane (5): F4 un-induced sample; Lane (6): F5
induced sample; Lane (7): F5 non-induced sample; Lane (8): PLD induced sample
(control); Lane (9): InlB induced sample.

This indicates that the three recombinant proteins fragments F3, F4 and F5, were
successfully expressed in XI-10 Gold from the high-level expression vector pQE-60. In
order to obtain the maximum yield of protein, optimisation of several parameters such as,
lysis buffer, IPTG concentration, sonicaﬁon conditions and induction time was necessary.
For optimisation, a number of small-scale expression experiments were carried out before

proceeding to large-scale expression.
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3.3.1 Determination of InlB fragment (F3, F4 and F5) protein solubility

The high-level expression of recombinant proteins in E. coli may result in the formation of
insoluble inclusion bodies, consisting of aggregates of the expressed protein. Therefore
optimisation of lysis buffer for soluble protein isolation was performed. Single colonies of
XL-10 Gold E. coli, harbouring pQE-60 encoding the F3, F4 & F5 fragments, were picked
from a freshly streaked plate and used to inoculate small-scale (10ml) cultures (Section
2.2.14). Following growth and induction the bacterial cells were pelleted by centrifugation,
at 3,200 x g for 20 min, and the supernatant discarded. The bacterial pellets were
resuspended in PBS (0.15M NaCl, 2.5mM KCl, 10mM Na,HPO, 18mM KH,PO, pH 7.4)
and sonicated (Section 2.2.14). Following centrifugation, at 20,000 x g for 15 min, the
supernatant (soluble protein) was analysed by SDS-PAGE. Alternatively, the pellet was
resuspended in 1ml of denaturing buffer (8M Urea, 100mM NaH,PO,4 10mM Tris, pH 8.0)
and sonicated (as before). Following centrifugation, at 20,000 x g for 15 min, the
supernatant (insoluble protein) was analysed using SDS-PAGE. The protein solubility
determination for each of the fragments can be seen in Figure 3.8.

1 2 3 4 56 7 8 9 10 11 12

F5

F4
(34kDa)

(23kDa)

Figure 3.8 SDS-PAGE analysis on the expression of InlB fragments under native and
denaturing conditions. Lanes (1) and (12): Sigma wide range molecular weight markers
(as before); Lanes (2), (5) and (8): bacterial cell pellet resuspended in PBS for F3, F4 &
F5 respectively; Lanes (3), (6) and (9): bacterial cell pellet resuspended in denaturing
buffer for each fragment F3, F4 and F5; Lanes (4), (7) and (10): Empty lanes; Lane (11):
PLD control.
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Although, some soluble expression was observed (Lanes 2, 5 and 8, respectively), the
majority of the expressed F3, F4 and F5 protein fragments forms insoluble inclusion
bodies, which were solubilised using 8M urea (Lanes 3, 6 and 9, respectively). This
suggests the need for denaturing buffer (contaming 8M urea) for the subsequent isolation of

recombinant InlB fragments, following high-level expression in X1.-10 Gold E. coli.

A web-based bicinformatics program was also used to determine the solubility of the
recombinant proteins (Harrison, 2000). Based on the amino acid sequence of the protein
this model uses the approximate charge average, to determine protein solubility. This
program estimated the percentage chance of insolubility for each fragment, which was
determined as 68%, 72% and 73% for the F3, F4 and F5 fragments, respectively. This
confirmed the need for denaturing buffer, containing 8M urea, for the solubilisation and
isolation of the recombinant InlB protein fragments, following expression in XL-10 Gold
E. coli.

3.3.2 Optimisation of IPTG concentration for induction of protein expression

Expression of F3, F4 & F5, from pQE-60, is rapidly induced upon addition of isopropyl-B-
D-thiogalactoside (IPTG). The IPTG binds to the lac repressor protein and inactivates it.
Once the lac repressor is inactivated, the host cell’s RNA polymerase can transcribe the
sequence downstream from the promoter. However, the concentration of IPTG required for
mduction must be optimised, so that the highest level of protein expression is achieved
without the level of protein expression and IPTG concentration becoming toxic to the cell.
Several small-scale expression cultures were set up and a conceniration range of IPTG
from O-1mM, was used for induction to determine optimal IPTG concentrations for

maxunum protein expression (Section 2.2.15).

Single colonies of X1L-10 Gold E. coli, harbouring pQE-60 encoding the F3, F4 & F5
fragments, were picked from a freshly streaked plate and used to moculate smnall-scale
(10ml) cultures (Section 2.2.14). Each culture was then induced with varying
concenirations of IPTG, ranging from 0.01 to 1mM and incubated for a further 4 hours.
The cultures were then centrifuged and the supernatants discarded. The bacterial cell peltets
was resuspended in denaturing buffer (8M Urea, 100mM NaH,PO,4 10mM Tris, pH 8.0)
and sonicated (as before) and the supernatants retained for SDS-PAGE analysis.
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Figure 3.9 shows the gel pictures obtained for the expression of F3 in XL 10-Gold E. coli,
following induction with the various IPTG concentrations. Variations in IPTG
concentration did not seem to affect the level of protein expression so the lowest
concentration of 0.lmM was chosen for F3 as optimal. The same IPTG concentration
gradient was investigated for both F4 and F5, (figures not shown). Basal level expression

of F3 was visible following induction with zero concentration of IPTG.

1 23 4 5 6 7 8 9 10

Figure 3.9 Optimisation of IPTG concentration for the induction of InlB F3- expression
under denaturing conditions. Lanes (1) and (10): Sigma wide range molecular weight
markers; Lane (2): induction of F3 expression using ImM IPTG; Lane (3): induction of F3
expression using 0.5 mM IPTG; Lane (4): induction of F3 expression using 0.1 mM IPTG;
Lane (5): induction of F3 expression using 0.05 mM IPTG; Lane (6): induction of F3
expression using 0.01 mM IPTG; Lane (7): induction of F3 expression using 0 mM IPTG;
Lane (8): PLD control; Lane (9): InlB lysate.
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3.3.3 Optimisation of Sonication Conditions

Following intracellular protein expression the bacterial cells must be lysed to isolate the
recombinant protein. For the isolation of inclusion bodies the pelleted bacteria were
resuspended in denaturing buffer, containing 8M urea, and then sonicated. Sonication is
used to isolate an expressed protein from within the cell cytoplasm. It involves sonically
pulsing cells with sonic waves, thus disrupting the cell membrane and releasing
cytoplasmic extracts. However, the bacterial cells should only be sonicated for the
minimum time necessary because prolonged sonication may destroy the protein and cleave
the 6xHis tag (Qiagen, 2000). Therefore, the optimum sonication time for the isolation of
the F3, F4 and F5 fragments from XL 10-Gold E. coli was investigated. Several small-scale
(10ml) expression cultures were set up (Section 2.2.14) and a range of sonication times
from 0-60s were examined to determine optimal conditions for maximum protein
expression (Section 2.2.16). Figure 3.10 shows the SDS-PAGE analysis of sonication

conditions for the expression the F3 fragment under denaturing conditions.

1 2 3 4 56 7 8 9 10

45kDa j -

36kDa : e

29kDa 7 -

24kDa ; _

20T (23kDa)

Figure 3.10 Optimisation of sonication conditions for expression of InlB F3 under
denaturing conditions. Lanes (1) and (10): Sigma wide range molecular markers; Lane
(2): 0 sec sonication; Lane (3): 10 sec sonication; Lane (4): 20 sec sonication; Lane (5):
30 sec sonication; Lane (6): 40 sec sonication; Lane (7): 50 sec sonication; Lane (8): 60

sec sonication; Lane (9): Empty lane.

Increased sonication did not seem to have a major effect on protein expression. The
intensity of the 23kDa band gradually increased as the sonication time increased up until 30
seconds, after which time the band intensities levelled off. This suggested that a 30 second
sonication pulse was sufficient for the isolation of F3. The same sonication conditions were

investigated for both the F4 and F5 fragments, (figures not shown) with the same results
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reported, whereby increased sonication had a minimal effect on protein expression.
Therefore a sonication time of 30 seconds was chosen as optimal for the expression of the

three InlB protein fragments.

3.3.4 Time-course analysis on the expression of F3, F4 and F5

Following optimisation of the parameters for protein expression a time-course analysis on
the level of protein expression was carried out in order to determine the optimal induction
time (Section 2.2.17). This is important in order to get a balance between the amount of
soluble protein in the cells, the formation of inclusion bodies, and protein degradation. By
checking the recombinant protein present at various times after IPTG induction, the optimal
induction period can be established. Several small-scale (10ml) expression cultures were
set up (Section 2.2.14) and a range of induction times were examined, whereby 1ml
samples were taken at intervals of 1, 2, 3, 4, 5, 6 and18h post induction. Figures 3.11-3.13
show the SDS-PAGE analysis of variations in induction time for the expression the each

fragment.
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Figure 3.11 Time course expression analysis on F3 in XL-10 Gold E. coli. Lanes (1) and
(9): Sigma wide-range molecular weight marker; Lane (2): Non- induced control; Lane
(3): F3 expression I hour post IPTG induction; Lane (4): F3 expression 2 hours post IPTG
induction; Lane (5): F3 expression 3 hours post IPTG induction; Lane (6): I'3 expression 4
hours post IPTG induction; Lane (7): F3 expression 5 hours post IPTG induction; Lane
(8): F3 expression following overnight induction using IPTG. A band representing F3 is
clearly visible at 23kDa.
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Figure 3.12 Time course expression analysis on F4 in XL-10 Gold E. coli. Lanes (1) and
(9): Sigma wide-range molecular weight marker; Lane (2): Non- induced control; Lane
(3): F4 expression I hour post IPTG induction; Lane (4): F4 expression 2 hours post IPTG
induction; Lane (5): F4 expression 3 hours post IPTG induction; Lane (6): F4 expression 4
hours post IPTG induction; Lane (7): F4 expression 5 hours post IPTG induction; Lane
(8): F4 expression following overnight induction using IPTG. A band representing F4 is
clearly visible at 34kDa.

45kDa — "o

/_.«--P
36kDa F5
29kDa /’Q (45kDa)

b o i KL

Figure 3.12 Time course expression analysis on F5 in XL-10 Gold E. coli. Lanes (1) and
(9): Sigma wide-range molecular weight marker; Lane (2): Non- induced control; Lane
(3): F5 expression I hour post IPTG induction; Lane (4): F5 expression 2 hours post IPTG
induction; Lane (5): F5 expression 3 hours post IPTG induction; Lane (6): F5 expression 4
hours post IPTG induction; Lane (7): F5 expression 5 hours post IPTG induction; Lane
(8): F5 expression following overnight induction using IPTG. A band representing F5 is
clearly visible at 45kDa.
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SDS-PAGE analysis on the time course analysis for F3, F4 and F5 suggested the optimal
induction period for protein expression was 4 hours, after which no major difference in the
levels of protein expression were observed (Figures 3.10, 3.11 and 3.12). Although slightly
higher levels of F4 and F5 expression were observed following a 5-hour induction period, 4
hours was selected to minimise proteolytic degradation of the proteins and 6x His-tag

cleavage.

3.3.5 Large-scale expression culture for purification

LB (10ml) containing 100 pg/ml ampicillin, 10 pg/ml tetracycline and 25 pg/ml
chloramphenicol was inoculated with a single colony of InlB F3, F4 and F5 in X1.-10 Gold
E. coli containing the pQE-60 plasmid. The cultures were grown as described in Section
2.2.18 and protein expression was then induced following addition of 0.1mM IPTG. The
culture was incubated shaking at 37°C for 4 hours and then centrifuged at 3,200 x g for 20
min. The supernatant was discarded and the pellet resuspended in 25ml of IMAC wash
buffer (Table 2.15) and sonicated for 30s. The lysed cells were then centrifuged at 3,200 x
g for 15 min and the supernatant analysed for protein expression, using SDS-PAGE (Figure
3.13).

Figure 3.13  Expression of InlB protein fragments under optimal expression and growth
conditions. Lane (1): Sigma-wide molecular weight marker; Lane (2): F3 fragment; Lane
(3): F4 fragment; Lane (4): F5 fragment.

130




3.3.6 Purification of the His-tagged InIB protein fragments by IMAC

InlB protein fragments engineered to express a 6xHis affinity tag, encoded at the C
terminal were purified by binding to Ni-NTA resin. The high-affinity interaction between
histidine residues and Ni'" ions enabled specific purification of His-tagged recombinant
proteins and the high surface concentration of the NTA ligand was sufficient for the
binding of approximately 5-10mg of 6xHis tagged protein per millilitre of resin. E.coli cells
harbouring an InlB gene insert (F3 fragment) were induced with IPTG for 4 hours and the
recombinant gene products purified (Section 2.2.19). The purification monitoring gel from
the pre-optimised expression of the InIB F3 fragment had a faint protein band at the
predicted Mr 23 kDa (data not shown). Low yields of protein were recovered since
purification parameters had not been optimised. The pre-optimised IMAC purification was
performed at room temperature and an excess amount of resin was used which explains the
low yields observed (Barbas et al., 2001). A number of factors were investigated to
improve purification conditions. These included reaction temperature, amount of resin
used, amount of imidazole used to elute the protein from the column, wash buffer
composition and lysate preparation. Figure 3.14 shows the optimised purification gel for
InIB F3.

1 2 3 4 5 6 7 8 9 10 11 12

@ | IiBF3-~23kDa

Figure 3.14 SDS-PAGE Analysis on optimised IMAC-purification of InlB recombinant
protein fragment F3. Lanes (1) and (12): Sigma wide-range molecular weight marker;
Lane (2): Crude cytoplasmic lysate from XL-10 Gold following F3 Expression; Lane (3):
Flow-through from IMAC column following application of crude lysate; Lane (4): Wash
fraction 1; Lanes (5)-(11): Eluted fractions 1-7, The elution of the InlB protein resulted in
the presence of a concentrated protein band at the expected molecular weight of ~ 23kDa.
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The conditions used for purification are important factors in recovery of functional protein.
Limiting the amount of resin used to purify His-tagged protein mininuses the purification
of non-specific proteins 1n the sample by introducing competition for binding to the resin.
The pellet from the centrifuged lysate was resuspended in IMAC wash buffer (50mM
NaH,PQ, 300mM NaCl, 20mM imidazole, pH 8.0) and sonicated three times for 30s. The
lysed cells were centrifuged (Section 2.2.19) and the lysate filtered before punification. The
protein was eluted with elution buffer that had a high concentration of imidazole (50mM
NaH;PO,, 300mM NaCl, 250mM imidazole, pH 8.0), since imidazole competes for binding
to Ni** on the column. The higher the concentration of imidazole tolerated by the protein,
the cleaner the eluant will be. The optimised IMAC purification of the IniB recombinant
protein fragments was performed at 4°C which improved binding of specific His-tagged
protems to the Ni-NTA resin (Barbas ez al., 2001). The eluted fractions (Lanes 5-11) show
concentrated protein bands at the predicted My of 23 kDa.

3.3.7 Immunoreactivity of recombinant InlB Protein fragments

To confirm the presence of a His tag for IMAC purification, E. coli lysates harbouring the
recombinant protein fragments were probed with a commercial anti-His tag-specific
monoclonal antibody. The recombinant proteins were electrophoresed alongside a
prestained molecular weight marker using SDS-PAGE (Section 2.2.5). Figure 3.15 (A)
shows the Coomassie stained gel with bands representing the F3 (Lane 2), F4 (Lanc 3) and
F5 (Lane 4) InlB fragments and the full InlB protein clearly visible at 23, 34, 45 and
60kDa, respectively. The protens were transferred to nitrocellulose for Western blot
analysis (Section 2.2.7). The nitrocellulose blots were probed with an anti-His tag-specific
monoclonal antibody, since the pQE-60 vector has a His tag for punficaton. Figure 3.15
(B) shows the His blot with bands clearly visible at 23, 34, 45 and 60kDa representing the
F3, F4 and F5 fragment and the full InIB protein, respectively. This blot confirms the
presence of a 6xI1is tag in each of the clones, indicating that the tag is not hidden within the

protein structure.
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Figure 3.15 SDS-PAGE gel and Western Blot of InlB peptide fragments (F3, F4 and F5)
probed with anti-His tag-specific monoclonal antibody to confirm presence of the His tag.
(A) Coomassie stained gel. Lane (1): Sigma-wide molecular weight marker; Lane (2): I'3
fragment; Lane (3): F4 fragment; Lane (4): F5 fragment; Lane (5) InlB protein; (B) His
blot. Lane (1): Pierce pre-stained marker; Lane (2): F3 fragment; Lane (3): F4 fragment;
Lane (4): F5 fragment; Lane (5) InlB protein. Bands visible at 23, 34, 45 and 60kDa
confirm presence of the His-tag in each fragment and in the previously cloned full protein
(Leonard, 2003).
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To determine the potential for use of the recombinant InIB protein fragments in
immunoassay development with fluorescence and impedance-based detection methods, the
immunoreactivity of the proteins was assessed by Western blotting using a panel of anti-
InIB antibodies. Figures 3.16-3.18 show the detection of the InlB protein fragments (F3, F4
and F5) via Western blotting with an anti-InlB polyclonal antibody, anti-InlB monoclonal
antibody and anti-InlB antibody fragment (scFv). Phospholipase D (PLD) is a diagnostic
marker for Corynebacterium pseudotuberculosis infection and although it is not specific for
L. monocytogenes or its associated proteins, it has shown minor crossreactivity (Dercksen

et al., 2000). It was therefore assessed as a control in these experiments.

62 kDa
47.5 kDa
32.5kDa
25 kDa
(34kDa)
F3
(23kDa)

Figure 3.16  Western Blot of InlB peptide fragments (F3, F4 and F5) probed with anti-
IniB polyclonal antibody to determine location of the antibody-binding site. Lane (1): F3
fragment; Lane (2): F4 fragment; Lane (3): F5 fragment; Lane (4) InlB protein; Lane (5)
PLD is not recognised by anti-InlB antibodies (negative control); Lane (6): Pierce pre-
stained marker; Bands visible at 23, 34 and 44 kDa confirm presence of an epitope
detected by the polyclanal antibody in each of the InlB fragments, indicating that the
antibody binding site is located in the F3 fragments (0-248 amino acids).
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Figure 3.17 Western Blot of InlB peptide fragments (F3, F4 and F5) probed with anti-
InIB monoclonal antibody to determine location of the antibody-binding site. Lane (1):
Pierce pre-stained markers; Lane (2): F3 fragment; Lane (3): F4 fragment; Lane (4): F5
fragment; Lane (5) InlB protein; Bands visible at 23, 34 and 44 kDa confirm presence of
an epitope detected by the monoclonal antibody in each of the InlB fragments, indicating
that the antibody binding site is located in the F3 fragments (0-248 amino acids).

123 456

InlB Band Bl
Fd——— 62kDa
F5 — 4+——— 475kDa
(45kDa)

<« — 325kDa

‘.._—.—
R4 . 25 kDa

(34kDa)

F3 PLD Band at 31.5 kDa bearing
(23kDa) the His-tag (positive control)

Figure 3.18 Western Blot of InlB peptide fragments (F3, F4 and F5) probed with anti-
InlB scFv to determine location of the antibody-binding site. Lane (1): F3 fragment; Lane
(2): F4 fragment; Lane (3): F5 fragment; Lane (4) InlB protein; Lane (5) PLD (positive
control) is also recognised by the HRP labelled anti-His antibody used for detection; Lane
(6): Pierce pre-stained marker; Bands visible at 23, 34 and 44 kDa confirm presence of an
epitope detected by the scFv antibody fragment in each of the InlB fragments, indicating
that the antibody binding site is located in the F3 fragment (0-248 amino acids).
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The rInlB protein fragments (F3, F4 and F5) could be specifically detected with each of the
anti-InIB antibodies (polyclonal, monoclonal and scFv) raised against the native form of
the full InlB protein. Bands visible at 23, 34 and 45kDa, respectively, confirmed the
presence of the epitope detected by the anti-InlB monoclonal and scFv .antibodies in each
of the fragments and a major epitope recognised by the anti-InlB polyclonal antibody. This
indicated that the location of an important epitope for antibody-binding was found in the F3
fragment (amino acids 0-248). This showed that the F3 peptide fragment could be used for
the generation of improved immunoassays for the detection of InlB, whereby the part of the
InIB protein containing the most immunoreactive domain could be used as the antigenic

determinant in assay development.

3.3.8 Sequence analysis of recombinant InlB protein fragments

The pQE-60 plasmid DNA containing the F3, F4 and F5 inserts was purified from the XL-
10 Gold E. coli. A Comfort read (in both directions) was then obtained from MWG-
Biotech on each plasmid and the nucleotide sequence returned. The amino acid sequences
were then deduced from the nucleotide sequences using a web-based translation tool (Table
2.15). The translated amino acid sequences were aligned with the published amino acid
sequence of Internalin B (Accession number AJ012346) using the multialin program (Table
2.15). The aligned sequences were imported into the BLAST database, to check for
similarities with the known sequence of Internalin B. Figures 3.19-3.21 show the
alignments of the cloned fragments (F3, F4 and F5) with the published protein sequence,
displaying 100% identity with the sequence provided by Genedoc (AJ012346).

F3 InlB IMGETITVETP IKQIFSDDAFAET IKD]
AJ012346 ETITVEPTPIKQIFSDDAFARTIKD
o I 6 - B T KKK SVTDAVTIONELNSIDQIIANNSDIKSVOGIQYLPNVTKLELNGNKLTDIKPLANT
F-BLkbkl T KKKSVTDAVTIONELNS IDQTTANNSDIKSVQGIQYLPNVTKLELNGNKLTDIKPLANL
IS W - N T GWLELDENKVKDLS SLKDLKKLKSLSLEHNGISDINGLVHLPQLESLY LGNNKITDIT
-V ok Bk Y- INT GWLE LDENKVKDLSSTKDLKKLKSLSLEHNGISDINGLVHLPQLESLYLGNNKITDIT

F3 InlB /LSRLTKILDTLSLEDNQISDIVPLAGLTKLONLYLSKNHISDLRATAGLENLDVLELE SO
Y[tk b L VT, SRTL.TKLDTLSLEDNQISDIVPLAGLTKLONLYLSKNHISDLRATAGLRNLDVLELFSQ

F3 InlB [d¢
AJ012346 |ofe
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Figure 3.19 Amino acid sequence of cloned InlB F3 sequence aligned with the sequence
obtained from Genebank (Accession number AJ012346). The text in red indicates the end

of the signal peptide, while the text in blue is the amino acid sequence of the F3 fragment.

1o S b Wb IVCE T T TVP TP TKOTF SDDAFAET TKDNEKKKSVTDAVTONELNS TDQT T2
F- Sk U T T TVE TP IKQIF SDDAFAETIKDNLKRKKSVTDAVTONELNS IDQT T2

F4 InlB SDIKSVOGIOYLPNVIKLFLNGNKLTDIKPLANLKNLGWLFLDEN
AJ012346 SDIKSVOGIQYLPNVTKLELNGNKLTDIKPLANLKNLGWLFLDEN

1o S MR- DT, SSTKDLKKLKSLSLEHNGTI SDINGLVHLP OLESTLYLGNNKITDITVLS
Nk kY (D T.SSTRDLKKLKSLSLEHNGTISDINGLVHLPOQLESLYLGNNKITDITVLS
o S MR T TKILDTLSLEDNQISDIVPLAGHTKLONLY LSKNH T SDLRALAGLKNLD
N R TR T TKTL.DTLSLEDNQTISDIVPTAGLTRKLONLY LSKNHISDLRATAGLKNLD

7 e% - I T ELF SQECLNKP INHQSNLVVPNTVKNTDGSLVTPET I SDDGDYEKP

b % (kb VY1 ELF SQECLNKP INHQSNLVVENTVENTDGSLVTPE I T SDDGDYEKP

2L W o4 - K [V TP EF TNEVSE TF YOPVT TGKAKARFHGRVIQPLKEVY T

b (R VUMK W H L P EF TNEVSE IFYOP VT IGKAKARFHGRVTQPLKEVY T

Figure 3.20 Amino acid sequence of cloned InlB F4 sequence aligned with the sequence

obtained from Genebank (Accession number AJO12346). The text in red indicates the end

of the signal peptide, while the text in blue is the amino acid sequence of the F4 fragment.

1R 8 A - N GET I TVP TP TKQ TR SDDAFAETIKDNLKKKSVIDAVTONELNS IDOT IA
AJ012346 ETITVETPIKQIFSDDAFAETIKDNLKKKSVTDAVTIONELNSIDQI IR
F5 InlB SDIKSVOGIQYLPNVTKLFLNGNKLTDIKPLANLKNLGWLFLDEN

F- % O Y Y INNSDTKSVOGIQYIL.PNVTKLFLNGNKLTD IKPL.ANLKNLGWLELDEN

o S u - DT, S STKDLKKLKSLSLEHNGISDINGLVHLPQLES LY LGNNKITDITVLS
SO kY DT, SSLKDLKKLKSLSLEHNGISD INGLVHLPOLESLYLGNNKI TDITVLS
- W - R T TKI.DTLSLEDNOQI SDIVPLAGLTKLONL YL SKNHI SDLRALAGLENLD
PSP YT lRT TKI.DTLSLEDNQISDIVPLAGLTKLONLYLSKNHISDLRATAGLKNLD

F5 InlB ELFSQECLNKPINHOSNLVVPNTVENTDGSLVTPEI ISDDGDYEKP
PSRRIV ELF SOECLNKP INHOSNLVVPNTVENTDGSLVTIPETITSDDGDYEKP

oINS WA K WHT. PEF TNEVSFIEYOPVT IGKAKARFHGRVTOP LKEVYTVSYDVDGT
Skl T KWHLPEF TNEVSFIEYQPVT IGKAKARFHGRVTOP LKEVYTVSYDVDGT

jo RS W B TK TKVEAGTRITAPKPPTKOGYVEKGWY TEKNGGHEWNENTDYMSGNDETL YA
NP T TKTKVEAGTRITAPKPPTKOGYVEKGWY TEKNGGHEWNENTDYMSGNDETL YA

Figure 3.21 Amino acid sequence of cloned InlB F5 sequence aligned with the sequence
obtained from Genebank (Accession number AJ012346). The text in red indicates the end

of the signal peptide, while the text in blue is the amino acid sequence of the F5 fragment.
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3.4 In vivo biotinylation of recombinant Internalin B protein fragments

3.4.1 Cloning of InlB fragments into the pAC4 vector

The pAC4 vector for in vivo biotinylation of recombinant proteins was purchased from
Avidity Corporation, USA. This vector has both a BamH1 and Ncol restriction site, thus
facilitating easy transfer of InlB protein fragments (F3, F4 and F5) from Qiagen’s pQE-60

vector into the pAC 4 vector.

3.4.1.1 Isolation of plasmid DNA from pQE-60 clones

The pAC4 vector stock with InIB insert in AVB101 cells was cultured and the vector DNA
purified (Section 2.2.1). AVB101 cells are endA™ and as a result they are not compatible
with the Promega mini-prep kit. Therefore, the vector was transferred into XI-I Blue E.
coli for optimal purification of vector DNA. The purified pAC4 vector was digested with
BamH1 and Ncol (Section 2.2.11) to remove existing InlB insert and subsequently purified
(Section 2.2.3) for ligation with InlB fragments (F3, F4 and F5). This is shown in Figure
3.22.

6000 bp
5000 bp
4000 bp
3000 bp
2500 bp

Cut pAC4 Vector at '
4216bp

pAC4 Vector

Caut InlB insert ~1800bp

Figure 3.22 Agarose gel showing the restriction of the pAC 4 vector in XI-1 Blue for
purification of plasmid DNA. Lanes (1) and (4): Hyperladder DNA ladder; Lane (2):
Digested pAC 4 vector in XL-1 Blue E. coli with InlB gene removed; Lane (3): Undigested

PACH vector.
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3.4.1.2 BamH1/Ncol restriction analysis on pAC4 vector purified plasmid DNA
containing cloned gene inserts

The pAC 4 vector in Xi-1 Blue E.col: and the InlB pQE-60 inserts (F3, F4 and F5) in X1-10
Gold E. coli were restricted using a BamH1/Ncol double digest (Section 2.3.1). The
resulting restricted products were run on a 1% (w/v) agarose gel and the appropriate bands

were cut for punification, (Figure 3.23).

4000 bp s

2500 bp [k
2000 bp [E

Digested InlB fragments
Digested pAC4 Vector at 4216bp s Faand s

with cut InlB insert ~18G0bp

Figore 3.23 Agarose gel showing the restriction of the pAC4 vector and InlB pQE-60
inserts. Lanes (1) and (10): Hyperladder DNA ladder; Lane (2); Digested pAC 4 vector in
XL-1 blues with InlB insert; Lane (3): Undigested pAC4 vecior; Lane (4): Digested F3
insert in pQE-60; Lane (5); Undigested F3 insert in pQE-60; Lane (6): Digested F4 insert
in pQE-60; Lane (7): Undigested F4 insert in pOE-60; Lane (8) Digested F5 insert in
PQE-60; Lane (9): Undigested F5 insert in pQE-60.
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3.4.1.3 Ligation, Transformation and Expression of vector-insert constructs

A gel punfication kit was used to purtfy cut pAC4 vector and InlB insert bands, for ligation
and transformation into AVB 101 E. coli. (Section 2.2.3).The gel purified IniB inserts were
cloned into linearised pAC4 using T4 DNA ligase (Section 2.3.2) and subsequently
transformed into electrocompetent AVB101 E. coli, (Section 2.3.3). Positive clones were
screened by picking single colonies from each transformation plate, for growth and
induction (Section 2.3.4). High-level recombinant protein expression was induced upon
addition of 1mM IPTG and 100pM bioctin and the resulting pellets washed with PBS to
remove any free biotin. The clones were then analysed using SDS-PAGE and Western
blotting to confirm the presence of the biotin AviTag prior to purification via affinity

chromatography, using immobilised monomeric avidin.

3.4.1.4 Confirmation of biotinylation of IniB fragments in pAC4 vector

Confirmation of in vivo biotinylation of the IniB protein fragments cloned into the pAC4
vector was determuned by SDS-PAGE analysis and Western blotting. The fragments were
expressed (Section 2.3.4) and subsequently analysed using SDS-PAGE (Section 2.2.5). To
confirm the presence of a biotin tag on the in vivo biotinylated proteins, E. coli lysates
harbouring the recombinant protein fragments were probed with a commercial anti-biotin
antibody. The recombinant proteins were electrophoresed alongside a prestained molecular
weight marker using SDS-PAGE. Figure 3.24 (A) shows the Coomassie blue-stained gel of
the in vivo biotinylated protein fragments F3, F4 and F5 lysates, diluted 1/10 in PBS (Lanes
2-4). Biotinylated anti-IniB polyclonal antibody (Section 2.5.2.1) was used as a positive
control (Lane 5), while unbiotinylated fetuin protein was used as a negative control (Lane
6). The proteins were transferred to nitrocellulose for Westem blot analysis (Section 2.2.7).
The nitrocellulose blot was probed with a commercial anti-biotin antibody, since the pAC4
vector has a biotin AviTag peptide which should be present on each cloned protein
fragments. Figure 3.24 (B) shows the blot probed with the anti-biotin antibody with bands
clearly visible at 23, 35 and 44kDa representing the F3, F4 and F5 fragment, respectively.

This blot confirms the presence of a brotin tag i each of the clones.
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Figure 3.24 SDS-PAGE gel and Western Blot of InlB peptide fragments (F3, F4 and F5)

probed with anti-biotin antibody to confirm presence of the biotin AviTag. (A) Coomassie
stained gel; Lanes (1) and (7): Sigma wide-range molecular weight marker; Lane (2): InlB
F3 protein fragment, diluted 1/10; Lane (3): InlB F4 protein fragment, diluted 1/10; Lane
(4): InlB F5 protein fragment, diluted 1/10; Lane (5): Positive control, anti-InlB
biotinylated polyclonal antibody; Lane (6): Negative conirol, non-biotinylated fetuin. (B)
Nitrocellulose blot probed with anti-biotin antibody; Lanes (1) and (7): Amersham
Rainbow prestained molecular weight marker; Lane (2): InlB I3 protein fragment; Lane
(3): InlB F4 protein fragment; Lane (4): InlB F5 protein fragment; Bands are visible at 23,
34, 45 kDa, respectively, for each of the protein fragments indicating the presence of a
biotin tag on each cloned protein, as expected. Lane (5): Positive control, anti-InlB
biotinylated polyclonal antibody with heavy and light chains of the antibody clearly visible
at 50 and 25 kDa, respectively, indicating presence of biotin; Lane (6): Negative control,
fetuin which has no biotin tag and therefore was not detected by the anti-biotin antibody.
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3.4.1.5 Purification of in vive biotinylated InlB fragments by affinity chromatography

Immunopure® immobilised monomeric avidin (Pierce), was used for the affinity
purification of the in vive biotinylated InlB protein fragments (Section 2.3.5). Avidin
monomers have a much lower bioun-binding affinity than native tetrameric avidin enabling
dissociation of biotinylated molecules wusing muld elution conditions. During
immobilisation of monomeric avidin polymeric forms of avidin with strong binding
characteristics are immobilised and, therefore, biotin-containing buffer was used to block
these high affinity biotin-binding sites. The biotin molecules were eluted from the avidin
monomers with a glycine solution which frees only the reversible binding sites. The in vivo
biotinylated fragments were then applied to the support for purification and eluted by

ligand competition using a biotin-containing solution (2mM biotin in PBS, pH 7.4).

ImmunoPure® immobilised monorneric avidin is produced using a procedure that results in
a high-binding capacity support with minimal non-specific binding and excellent recovery
of biotinylated molecules. The monomenc avidin column is supplied as a 50% siurry
containing 4% (w/v) beaded agarose. The binding capacity of the column is approximately
1.2 mg biotinylated protein per ml of settled gel (Instruction manual # 20227, Pierce
Biotechnology, Inc., 2005). Biotinylated protein was incubated on the column for one hour
at room temperature. Purified fractions were eluted using 2mM biotin n PBS (0.15M
NaCl, 2.5mM KCl, 10mM Na,HPO, 18mM KH,PO, pH 7.4) and 2ml fractions were
collected and monitored spectrophotometrically at 280nm for protein content. The fractions
that contained protein were pooled and quantified for characterisation using fluorescence-
based immunoassay and Biacore. Figure 3.25 shows the elution profile for the i vivo
biotinylated InlB fragment, F3, followmg affinity purification using monomeric avidin

immobulised on Sepharose.
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Figure 3.25 Elution profile of m vive biotinylated InlB fragment F3 following affinity

purification using a monomeric streptavidin column (10ml capacity). In vivo biotinylated

fragments were incubated on the column for one h at room temperature and eluted in 2ml
fractions using 2mM biotin in PBS (0.15M NaCl, 2.5mM KCl, 10mM NaHPQO, 18mM
KH>PO, pH 7.4). Eluted fractions were monitored for protein content at 280nm and those
containing protein (Fractions 3-8) were collected and pooled for subsequent

characterisation.

3.4.2 Characterisation of in vivo biotinylated recombinant InlB fragments

The in vive biotinylated InlB protein fragments, cloned from the pAC4 vector, were
purified using affinity chromatography and charactensed using both fluorescence-based and
Biacore-based methods. The following sections describe the characterisation of the in vivo
biotinylated fragments and their potential use as novel reagents for improved detection of

InlB.
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3.4.2.1 Enzyme-based detection of in vive biotinylated fragments

Each of the purified biotinylated InlB fragments was titrated against immobilised anti-IniB
polyclonal antibody and traced with extravidin peroxidase (Section 2.3.6.1). This assay was
performed to ensure that the in vivo biotinylated fragments retained functionality post
purification and would still bind an associated InlB-derived antibody. Anti-InlB polyclonal
antibody at a concentration of 10pg/ml in 0.1M carbonate buffer (Table 2.4) was used to
coat the wells of a microtiire plate. The plates were washed and blocked as per Section
2.3.6.1. The concentration of each fragment (F3, F4 and F5) was determined
spectrophotometrically post-purification and stock solutions were prepared at a
concentration of 500pug/ml. Doubling dilutions (1/10 to 1/5120) of each fragment were
prepared from these stocks in PBS (0.15M NaCl, 2.5mM KCl, 10mM Na;HPO,4 18mM
KH,PO, pH 7.4) containing 0.2% (w/v) BSA and subsequently added to the plate. The
amount of bound in vive biotinylated fragment was determined using exiravidin peroxidase
(Sigma-Aldrich) and TMB substrate. Figure 3.26 shows a titre of the ir vivo biotinylated
InlB protein fragments against immobilised anti-InlB polyclonal antibody.

In vivo biotinylated InlB
protein fragments

10 1 —o—F3
2 9 ~a—F4
g ——F5
g s
>]
2 51
Gl
3 ¢
g 27
4 1 - '

0 T T T 1

1 10 100 1000 10000

1/ biotinylated fragiment dilution

Figure 3.26 Titre of in vivo biotinylated protein fragments against immobilised antibody.

Anti-InlB polyclonal antibody was coated on the plate (10ug/ml) and a range of dilutions
(1710 to 1/5120) of each of the biotinylated fragments (F3, F4 and F5) was added. The

armount of bound protein was detected using extravidin-peroxidase and TMB substrate.
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From Figure 3.36, it 1s apparent that the F3 fragment gave the most inear response with the
highest level of biotinylation. This indicated that the efficiency of in vive biotinylation of
the F3 fragment was superior to both the F4 and F5 fragments. The F3 fragment is also the
portion of the InlB protein that is the most immunoreactive, in that it contains the anttbody-
binding domain, as previously determined by SDS-PAGE and Western blotting (Section
3.3.7) For both these reasons subsequent studies focused only on this part of the InlB
protein, the F3 fragment.

3.4.2.2 Fluorescence-hased detection of in vive biotinylated fragments

The in vive biotinylated F3 fragment was further investigated using a streptavidin-linked
fluorescent label. Streptavidin-Cy5 (Amersham) was used to detect the amount of in vive
biotinylated protein bound to imimobilised antibody (Section 2.3.6.2). Anti-InlB polyclonal
antibody at a concentration of 10pug/ml in 0.1M carbonate buffer (Table 2.4), was used to
coat the wells of a microtitre plate. The plates were washed and blocked as per Section
2.3.6.2. Doubling dilutions (1/10 to 1/5120) of biotinylated and non-brotinylated F3
fragment were prepared in PBS (0.15M NaCl, 2.5mM KCl, 10mM NaHPO, 18mM
KH,PO,, pH 7.4) containing 0.2% (w/v) BSA and subsequently added to the plate. The
amount of immeobilised InlB F3 protein was detected using Streptavidin-Cy5 (Amersham)
at a dilution of 1/1000. PBS (as before) was also used in some wells as a control, to
determine the extent of non-specific binding. Figure 3.27 shows the titre of both the
biotinylated and non-biotinylated F3 fragments, against immobilised anti-InlB polyclonal
antibody and traced with streptavidin-Cy35.
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Figure 3.27 Assessment of specific wmteractions between biotinylated F3 fragment and
fluorescent label (strepravidin-Cy5). Bionnylated and unbiwotinylated protein fragments
were added to immobilised antibody and the amount of bound protein was detected using
sireptavidin-Cy 5. The fluorescence response units (FRU)} were plotted against the InlB

fragment dilution.

Non-biotinylated F3 and PBS (0.15M NaCl, 2.5mM KCI, 10mM NaHPO, 18mM
KH,PO;, pH 7.4) were used as negative controls in this experiment, with both showing
munimal interaction with the streptavidin-Cy5. This was due to the fact that although the
non-biotinylated F3 fragment binds immobilised anti-InlB antibody, it did not have a biotin
tag to allow subsequent detection of bound antigen with streptavidin-Cy3. It behaved in the
same manner as PBS, which as a buffer had no binding capébilities for subsequent
detection with Cy5. This mdicated that only negligible amounts of non-specific binding
was taking place and that the blocking solution, 2% (w/v) BSA in PBS (0.15M NaCl,
2.5mM KCl, 10mM Na,HPO,, 18mM KH,PO,, pH 7.4) was sufficient. Only the specific
interaction between the biotinylated InlB F3 protein fragment bound to immobilised anti-
IniB polyclonal antibody and traced with streptavidin-Cy5 was observed.
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The assay was repeated over a wider range of F3 protein fragment dilutions to assess the
operating range of the biotinylated F3 protein as reagent for immunoassay development.
Figure 3.28 shows a tiire of the both the biotinylated and non-biotinylated F3 fragments
against immobilised anti-InlB polyclonal antibody, traced with Steptavidin-Cy5, whereby
the fluorescent response was normalised against a zero control (well containing no
fluorescent molecules). The normalised fluorescence response units (NFRU) were plotted
agaimnst the InlB F3 fragment dilution (both biotinylated and non-biotinylated) bound to
immobilised antibody and traced with Cy5. The in vivo biotinylated F3 fragment was
successfully traced using streptavidin-linked Cy5, which highlights its potential use as a

viable antigen for farther fluorescence-based assay development.

InlB F3 fragments
16 1
—o— biotmylated F3
14 4
—0— pon-botinylated F3
12
10 4
jaw)
£ 84
Z
6 -
4 -
2 -
8o 0O 5 g8 n
0 L} ] T L) L]
1 10 100 1000 100006 100000

1/ IniB fragment dilution

Figure 3.28 Fluorescence-based detection of InlB F3 protein fragments. Anti-IniB
polycloral antibody was coated on the plate (10ug/ml) and a range of dilutions (1/10 to
1/5120) of both the biotinylated and non-biotinylated F3 fragment was added. The amount
of bound protein was detected using streptavidin-Cy5. The fluorescent response was
normalised against the background fluorescence (NFRU) and plotted against the IniB F3
fragment dilution (both biotinylated and non-biotinylated).
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Finally, the use of the in vivo biotinylated F3 fragment as a useful reagent for fluorescence-
based detection was further investigated using three avidin-hnked fluorescent labels;
streptavidin-linked quantum dots, streptavidin-CyS and avidin-FITC (Section 2.3.6.4).
Anti-InlB polyclonal antibody (10pg/ml) was used to coat the wells of a microtitre plate
and blocked using PBS containing 2% (w/v) BSA. Biotinylated F3 fragment dilutions
prepared in PBS containing 0.2% (w/v) BSA were added to the plate and the amount of
bound protein traced with the fluorescent labels (Figure 3.29).
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| 10 100 1000 10060

1/ biotinylated InIB F3 fragment dilution

Figure 3.29 Direct detection of biotinylated F3 fragment using three fluorescent labels;
Quantum dot-streptavidin conjugate (Qdots), Streptavidin-Cy5 (Cy5) and Avidin-FITC
(FITC). Anti-IniB polyclonal antibody was coated on the plate (10ug/ml} and a range of
dilutions (1/10 to 1/5120) of the biotinylated InlB F3 fragment was added. The amount of
bound protein was detected using quanium dots, Cy5 and FITC. The fluorescent response
was normalised against the background fluorescence (NFRU) and plotted against the

biotinylated InlB F3 fragment dilution.

Figure 3.29 shows that the biotinylated fragment F3 could be successfully traced with three
different avidin-linked fluorescent labels. This highlights the potential use of the irn vivo
biotinylated fragment as a reagent for future fluorescence-based immunoassay

development.
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3.4.2.3 Biacore analysis of ir vivo biotinylated fragments

This section focuses on the use of Biacore-based methods (Section 4.1.3.2) for the
characterisation of in vive biotinylated recombinant InlB F3. The biotinylated F3 fragment
was used as the capture antigen for the preliminary development of a Biacore inhibition
assay for detection of InlB F3, using the anti-InlB polyclonal antibody. A Biacore
carboxymethylated 5 (CM5) chip was covalently immobilised with the avidin-derivative,
neutravidin for the specific capture of the biotinylated fragment (F3) on the surface of the
chip. The chip consists of three layers: glass, a thin gold film and a matrix layer. The
matrix layer is attached to the gold film through an inert linker layer. In the case of the
CMS5 chip the matrix layer is carboxymethylated dextran, which allows the covalent
immobilisation of neutravidin on the sensor surface. Biotinylated InlB F3 was then
immobilised on the neutravidin surface and anti-InlB polyclonal antibody. incubated with
decreasing concentrations of InlB F3 protein fragment, injected over the surface. The shift
in binding response after each injection was recorded and the results presented in Section
3.4.2.3.4. Figure 3.30 shows a diagrammatic representation of a CMS5 chip and the assay
format used for the detection of InlB, with biotinylated F3 as capture antigen.

Anti-InlB polyclonal antibody

Invivo biotinylated B3 I | /
protein fragment \ ! i
Biotin

Matrix layer

Thin gold film ——»

Covalently immobilised neutravidin
- for capture of biotinylated fragment

Glass —_—

Carboxymethylated 5 (CMS) sensor chip
Figure 3.30 Diagrammatic representation of the surface of a carboxymethylated 5 (CM5)
sensor chip. The chip consists of three layers: glass, a thin gold film and a matrix layer.
The matrix layer is attached to the gold film through an inert linker layer. In the case of the
CMS5 chip the matrix layer is carboxymethylated dextran, which allows the covalent
immobilisation of neutravidin onto the sensor surface. Neutravidin was used to capture the

in vivo biotinylated InlB F3, for subsequent use in the development of an inhibition assay

for the detection of InlB using the anti-IniB polyclonal antibody.
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3.4.2.3.2 Immobilisation of neutravidin/biotinylated F3 onto the CMS5-chip surface

In order to immobilise a ligand onto a CMS5 sensor chip, three main phases are involved in
the process. Firstly the surface is activated, the ligand is subsequently immobilised on the
activated surface and finally the surface 1s deactivated or ‘capped’ to block any remaining
sites left active by the immobilisation process. Molecules can be covalently coupled to the
CMS5 chip surface via amine, thiol, aldehyde or carboxyl groups. These chips have a high
binding capacity, advantageous for capture assays and high surface stability providing
accuracy and precision. The most commonly used surface chemistry for the immobilisation
of biomolecules on CMS5 sensor chip surfaces is EDC (N-ethyl-N'-(dimethylaminopropyl)
carbodiimide) and NHS (N-hydroxysuccinimide) chemistry. The use of carbediimide-EDC
in conjunction with NHS activates the carboxyl groups of the CM-dextran surface,
transforming them to active NHS esters that can be used to covalently immobilise the
protein, in this case neutravidin, via its amino groups. The chip surface 1s then deactivated
with 1M ethanolamine hydrochloride, pH 8.5, and all non-covalently bound protein is
removed by reducing the electrostatic interaction between the CM-dextran surface and the

protein,

Immobilisation of neutravidin on the dextran surface was performed as described in Section
2.6.2, Neuatravidin (50pg/ml), diluted in 10mM sodium acetate buffer, pH 4.6 (Section
3.4.2.3.1) was injected over the EDC/NHS activated sensor ship surface for 40 minutes at a
flow rate of Sul/min. Approximately 25,000 RU of neutravidin was immobilised on the
surface (Figure 3.32).
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Figure 3.32 Typical immobilisation of neutravidin onto o CM-dextran chip surface. (A)
HBS buffer 1s passed over the chip surface and the baseline response 1s recorded. (B) The
CM-dextran surface is activated with an equal volume of 100mM NHS and 400mM EDC,
which causes an ncrease in SPR signal due to a bulk refractive mdex change. (C} HBS
buffer is passed over the surface again, post-activation and the baseline response
measured. (D) Neutravidin (50ug/ml) diluted in 10mM sodmm acetate buffer, pH 4.6, is
passed over the surface for 40 nunutes, a large increase in SPR signal is observed as the
bulk refractive index changes. (E) HBS buffer is passed over the surface and the amount of
bound neutravidin recorded, (F) The surface is deactivated or ‘capped’ using IM
ethanolamine hydrochloride, pH 8.5, which removes non-covalently bound neutravidin and
blocks any remaining NHS esters. (G) The surface is regenerated with two 30 second
pulses of SmM NaOH, to ensure all immobilised neutravidin is bound covalently, before a
measurement of total immobilised neuwiravidin is recorded. Approximately 25,000 response

units (RU) of neurravidin were bound to the sensor chip surface post immobilisation.
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The biotinylated InIB F3 protein fragment, diluted in HBS buffer to a concentration of
60pg/ml was manually injected over the surface for six minutes, at flow rate of Spl/min.
Approximately 450 RU of biotinylated F3 was immobilised on the surface. Although the
affinity between neutravidin and biotn 1s strong (Green, 1965), dissociation of the
biotinylated fragment occurred as soon as HBS buffer solution was passed over the surface.
This was possibly due to the efficiency of the m vive biotinylation process. Theoretically,
in vive biotinylation of recombinant proteins using the pAC4 vector system should be up to
909% efficient (Tatsui er al, 1996), however, this 1s ddficult to control. Fuarther
optimisation of growth and expression conditions would be required to ensure maximum
potential biotinylation of the cloned protein. Therefore an alternative strategy for

stabilisation of the surface was investigated.

The immobilised biotinylated F3 protein fragment was subjected to a 30s pulse of 400mM
EDC/100mM NHS at a flow rate of 5ul/min, to stabilise the biotinylated protein on the
surface (Karlsson et al., 2000; Markgren et al., 2001). This treatment activates the carboxyl
groups in the protein, whereby subsequent reaction with primary amines (also in the
protein) results in intra- and intermolecular cross-links. Intermolecularly cross-hnking
monomers that were not covalently fixed to the matrix, therefore, enhances the stability of
the surface, whereby the chemically modified surface showed an almost constant baseline
level and 1mproved binding capacity. Initial experiments post-crosslinking showed that the
biotinylated fragment became tightly bound to neutravidin surface and was not dissociated
even upon washing with buffer for several hours (not shown). The surface was then
regenerated with a 30s pulse of SmM NaOH to ensure all imunobilised biotinylated F3,
cross-linked with EDC/NHS stayed on the surface, before a measorement of total
immobilised biotinvlated F3 was recorded. Approximately 900 response units (RU} of
cross-linked biotinylated F3 were bound to the sensor chip. Figure 3.33 shows the manual
injection and stabilisation of the biotinylated fragment with EDC/NHS.
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Figure 3.33 Immobilisation of biotinylated F3 protein onfo neutravidin surface and

subsequent cross-linking using EDC/NHS. (A) HBS buffer is passed over the chip surface

and the baseline response is recorded. (B) A manual mjection of in vive biwfinylated IniB

F3 protein is passed over the surface for 7 minutes. (C) The biotinylated F3 protein is
stabilised on the surface with 30 second pulse of 400mM EDC/I00mM NHS, which causes
an increase in SPR signal due to a bulk refractive index chonge.(D) HBS buffer 1s passed
over the surface agamn, post cross-linking with EDC/NHS and the baseline response
measured (E) The surface 15 regenerated with a 30 second pulses of 5mM NaOH 1o ensure
all immobilised biotmylated F3 protemn 1s tightly bound, before a measurement of the
amount aof biotinylated F3 is recorded. (F) Approximately 900 response units (RU) of
biotinylated F3 are bound to the sensor chip surface post immobilisation and stabilisation
with EDC/NHS.

154



Response (R1))

3.4.2.3.3 Assessment of non-specific binding and regeneration studies

The degree of non-specific binding of the polyclonal anti-InlB antibody to the
neutravidin/biotinylated fragment immobilised on the CM5 chip was assessed. This was
achieved by passing the polyclonal anti-InlB antibody (diluted 1/20) over the neutravidin
surface when both in the presence (flow cell 2) and absence (flow cell 1) of biotinylated F3.
Figure 3.34 shows the overlay plots obtained following injection of anti-InlB polyclonal
anubody on the neutravidin surfaces with and without biotinylated F3. Injection of the anti-
InlB polyclonal antibody over both surface resulted in approximately 300 response units of
binding to the neutravidin surface with immobilised biotinylated F3, while negligible
binding (< 10 RU) was observed for the neutravidin surface with no biotinylated F3.

R

Flow cell 2 (Biotinylated F3) —_—

Flow cell 1 (Blank)

"

1o 120 1300 w0 1200 16

Time

Figure 3.34 Overlay plot showing simultaneous injection of the anti-InlB polyclonal
antibody over neutravidin-immobilised surfaces both with and without biotinylated F3
protem. (A) HBS buffer is passed over the chip surface and the baseline response is
recorded. (B) A manual injection of anti-InlB polyclonal antibody is passed over both
surfaces for 2 minutes. (C) Approximately 300RU of anti-InlB polyclonal antibody was
captured on the biotinylated F3 protein surface. (D) Negligible binding was observed for

the neutravidin surface containing no biotinylated F3.
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Optimisation of the anti-IniB polyclonal antibody dilution and effective regeneration
conditions were also investigated. The anti-InlB polyclonal antibody was diluted to 1/20 in
HBS buffer and injected over the immobilised neutravidin/biotinylated F3 surface at a
flow-rate of 10ul/min. Initial studics showed little dissociation of the polyclonal antibody
from the immobilised surface. A regeneration solution consisting of 27.5mM NaOH
enabled complete removal of the bound polyclonal antibody using a 30 second pulse at a
flow-rate of 10ul/min. The efficiency of the regeneration process was then evaluated by
performing multiple (i.e. 10) binding-regeneration cycles on the chip surface. At this point,
stocks of anti-InIB polyclonal antibody were in short supply and so only ten regenerations
were performed to demonstrate proof of principle, that the surface couid be regenerated
effectively. Over the 10 binding-regeneration cycles the antibody binding capacity varied
slightly but it did not significantly affect the assay performance. The binding of the anti-
inlB polyclonal antibody to the neuwravidin/biotinylated F3 surface was highly
reproducible, with approximately 300RU of the antibody binding to the surface each time.
This indicates that the regeneration solution of 27.5mM NaOH for the anti-InlB polyclonal
antibody did not affect antibody binding throughoui the regeneration study and was

sufficient for complete removal of bound antibody.
Figure 3.35 shows regeneration studies using the polyclonal antibody, diluted 1/20 in HBS

running buffer and passed over the surface using a 2 minute pulse at 10ul/min. The bound

antibody was completely removed using a 30 second pulse of 27.5mM NaQH.
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Figure 3.35 Regeneration studies using the polyclonal antibody, diluted to 1/20 in HBS

running buffer and passed over the surface using a 2 minute pulse at 10iul/min. The bound

antibody was completely removed using a 30 second pulse of 27.5mM NaQOH. In order to

conserve polyclonal antibody stocks, only 10 regeneration cycles were performed.

However 10 cycles were sufficient to highlight that the surface was regenerable with

approximately 300 RU of antibody gowmg on and being removed during each cycle.
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3.4.2.3.4 Development of a Biacore inhibition assay for the detection of In1B

Following optimisation of the various assay parameters, a preliminary inhibition assay,
incorporating the polyclonal antibody, was developed for the detection of IniB F3 (Section
2.6.5). This assay employed neutravidin for the specific and directed immmobilisation of in
vivo biotinylated InlB F3 protein on the CM5 sensor chip. Free (non-biotinylated) InlB F3
standards, rangmg in concentration from (- 1250ng/ml were prepared in HBS. Each free
InlB F3 concentration was incubated with an equal volume of the anti-InlB polyclonal
antibody diluted 1/10 (to ensure a final ditution of 1/20) and allowed to equilibrate for 30
muan at 37°C. The equilibrated samples were then passed over the sensor surface, in random
order, and followed by regeneration of the biotinylated I3 sensor surface using 27.5mM
NaOH.

Figure 3.36 shows a typical overlay sensorgram showing the antibody binding responses of
the polyclonal antibody in the presence of a range of free InlB F3 standards.
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Figure 3.36 Typical overlay sensorgram showing the aniibody binding responses of the
anti-InlB polyclonal antibody in the presence of a range of free InlB F3 standards. Free
InlB F3 dilutions, ranging n concentration from 19 - 1250 ng/mi, were pre-incubated with
an equal volume of the anti-InlB polyclonal antibody and passed over the sensor surface.
The sensor surface was regenerated using 27.5mM NaOH. (A) The normalised baselines of
each sensorgram when HBS is injected over the chip surface. (B) The binding of increased
free antibody with decreasing InlB F3 protein concentrations. (C) Baseline shift when

buffer is passed over the surface afier each injection.
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Figure 3.37 shows the use of the i vive biotinylated InlB F3 protein as a capture antigen,

for the sensitive detection of InlB in a Biacore-based inhibition assay.
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¥igure 3.37 Calibration curve for the detection of free InlB F3, using a Biacore-based
tnhibution assay. Anti-InlB polyclonal antibody was incubated with various IniB F3
concentrations and injected over a neutravidin/bictinylated F3 surface. A 4-parameter
equation was fitted to the data set using Biaevaluation 3.1 software. The percentage B/By
was determined and plotted against log concentration of free InlB F3. B/Byis calculated as
the mean response at each antigen concentration (A) minus the mean response at excess
antigen (A excess) divided by the mean response determined in the presence of zero antigen
(Ap) minus the mean response at excess antigen concentration (A excess). The B/Bg value is
expressed as a percentage to determine the percentage inhibition al each antigen
concentration. Each point on the curve 1s the mean of three replicate measurements and

CVs of between 0.48-3.05% were found.
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This calibration curve demonstraics a proof of principle concept showing the use of the
biotinylated InlB protein fragment as a reagent for further assay development.
Unfortunately, this calibration profile 1s only based on the mean value of three replicates
since the stocks of the anti-IniB polyclonal antibody were depleted. Further reproducibility
studies would be required for assay validation, possibly with an alternative anti-IniB
antibody. However, overall this section demonsirates the potential use of the in vive

biotmylated protein as useful tool for the sensitive detection of InlB.
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3.5 Optimisation of expression of anti-InlB scFv from naive human library

An anti-InlB human scFv clone, previously isolated from a naive phage display library by
Dr. Paul Leonard, was made available (Leonard, 2003). The antibody fragment was
expressed in a suppressor host strain TG1 E.coli. This host stramn produces a suppressor
tRNA which allows read-through of the amber stop codon located between the scFv and
gene 3 sequences of the pCANTARB vector. Suppresston of the ambelr stop codon is only
about 20% efficient; therefore, a small amount of soluble antibody is produced in addition
to phage-displayed antibodies in this strain. To switch to optimal expression of soluble
recombinant antibodies it was necessary to transform the scFv into a non-suppressor strain,
namely TOP 10F' E.coli. In this strain of E.coli, the amber stop codon is recognised and
only soluble antibodies are produced, thus allowing optimal expression of antibody for

subsequent purification (Barbas et al., 2001).

3.5.1 Expression of anti-InlB scFv in a non-suppressor strain E. coli, TOP 10F°

The BMV library is a large non-immunised scFv phage display lhibrary developed by
Vanghan et al. (1996). ScFv fragments were cloned into the phagemid vector pCANTABG
by Dr. Paul Leonard, which enabled the production of phage-displayed scFv in the
presence of helper phage and soluble scFv in the presence of TPTG. A positive clone (G3)
from successful rounds of panning against Internalin B was obtamed in TGl E. coli
Although the scFv was expressed in these cells, the efficiency was sub-optimal and so
electroporation of the plasmid DNA 1nto a non-suppressor strain was performed. A stock of
anti-In1B scFv clone G3 in TG1 E.coli were streaked out onto LB agar and a single colony
from the plate was picked and used to inoculate an overmight culture. The plasmid DNA
was purified using a wizard mini-prep kit (Section 2.2.1) for subsequent electroporation
into competent TOP 10F' E.coli. Positive transformants were screened for the scFv insert
by performing a double restriction digest with Sfil/Notl. Figure 3.38 shows an agarose gel
of the restricted clone with the scFv band wisible at ~800bp.
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Figure 3.38 Agarose gel showing the Sfil/Notl restriction digest of transformed anti-InlB
scFv clone G3 in TOP 10F' E. coli. Lane (1); DNA Hyperladder; Lanes (2) and (4):
Digested anti-InlB G3 clone with ~800bp band confirming the presence of the scFv insert;
Lanes (3) and (5): Undigested anti-InlB G3 clone.

Once 1n the non-suppressor strain, TOP 10F” E. coli, the expression conditions of the anti-
IniB scFv were subsequently examined to assess what methods produced the maximum
expression yield of antibody fragment. Many factors can affect protein expression (Section
3.1.3) and so optimisation of growth and expression parameters were investigated. The
various parameters assessed included culture media, IPTG concentration, lysis buffer and
lysis method. Four different culture media were evaluated, Super broth (SB), Terrific broth
(TB), Luria Bertani (LB) and 2xTY (Table 2.3). Each of these media preparations were
used to culture eight small scale (5ml) cultures, which were grown as per Section 2.2.22,
but with the following parameters varied; IPTG concentration: 1mM or 2mM; Lysis buffer:
Tris-EDTA sucrose buffer (TES) comprising 200mM Tris-HCl, 0.5M Sucrose, 0.5mM
EDTA, pH 8.0 or phosphate buffered saline (PBS) comprising 150mM Na(l, 2.5mM, KCI,
10mM Na,HPO,, 18mM KH,PO,, pH 7.4; Lysis method: Freeze/Thaw (F/T) or Sonication.
Figure 3.39 shows a schematic detailing the parameters investigated for optimal expression
of the anti-InlB scFv.
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Culture Media SB/TB/LEB/ 2xTy

IPTG Concentration 1mM 2mM
Lysis Buffer TES PBS TES PBS
Lysis l F/T l Sonication | | FIT | ’ Sonication | | FIT | Sonication | I F/T | | Sonicatﬂ

Figure 3.39 Parameters investigated for optimal expression of anti-IniB scFv. A number of
expression conditions were varied in several small scale culiures, using four types of
culture media; Super Broth (SB), Terrific Broth (TB), Luria Bertani broth (LB) and 2xTY
broth; Two IPTG concentration were evaluated: ImM and 2mM, two lysis buffers were
assessed: Tris-EDTA Sucrose (TES) and phosphate buffered saline (PBS) and two lysis
methods were investigated: freeze/thaw (F/T) and sonication. Each of the four culture
medinm were used to prepare eight small-scale cultures in which the above expression

conditions were varted as per the matrix shown,

Single colonies of the anti-InlB scFv clone G3 in TOP 10F’ E. coli were used to inoculate
S5ml overnight cultures using the various culture media (SB, TB, LB and 2xTY) under
investigation. Different IPTG concentration, lysis buffer and lysis method were
investigated for each medium and the results of the expression analysis were assessed by
performing a direct ELISA on the lysates from each culture (Section 2.2.23). The results

are shown in Figure 3.40.
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Figure 3.40 Optimisation of expression conditions of anti-IniB scFv. Four culture medium;
Super broth (SB), Terrific Broth (TB), Luria Bertani broth (LB) and 2xTY were investigated
for optimal antibody expression, while varving the following expression conditions; IPTG
concentration, lysis buffer and lysis method, as detailed in figure 3.39. The optimal
conditions for expression of the anti-InlB scFv were determined to be culture using Super
Broth, induction with IPTG at a concentration of ImM, use of PBS as lysis buffer and
sonication as lysis method. This was determined as the value which gave the highest

absorbance at 450nm.
These optimal expression conditions of culture using Super Broth, induction with [PTG at a

concentration of 1mM, use of PBS as lysis buffer and sonication as lysis method were used

in a large scale expression culture (500ml) for IMAC purification of the anti-InIB scFy.
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3.5.2 IMAC purification of anti-InlB scFv

The presence of a His-tag on the anti-InIB scFv, allowed it to be purified using IMAC
(Section 2.2.19). SB broth containing the appropriate antibiotics was inoculated with a
single colony of TOP 10F’ E. coli containing the anti-InlB scFv plasmid. The cultures were
grown using the optimised growth and induction conditions described in Section 2.2.22.
The culture was centrifuged at 3,200 x g for 20 min, the supernatant discarded and the
pellet resuspended in 25ml of lysis buffer (PBS) and sonicated for 30s. The lysed cells
were then centrifuged at 3,200 x g for 15 min and the supernatant retained for purification
by IMAC. Initial purification was sub-optimal and so optimisation of the purification
process was undertaken. Figure 3.41 shows the optimised purification gel for the anti-InlB
scFv. The main difference between the improved purification method and the original
technique is as follows; the pellet from the centrifuged lysate was resuspended im IMAC
wash buffer (50mM NaH,PO, 300mM NaCl, 30mM Imidazole, pH 8.0), with a higher
imidazole concentration (30mM) and sonicated three times for 30s. This produced a cleaner
purified sample, since the higher the concentration of imidazole tolerated by the protein the
cleaner the eluant (Barbas ef al, 2001). The eluted fraction (Lane 2) shows a concentrated
protein band at the predicted molecular weight of 30 kDa with minimal contaminating

proteins, left in the sample (Figure 3.41).
1 2

scFv band ~ 30kDa

Figure 3.41 SDS-PAGE analysis on an optimised IMAC purification of anti-InlB scFv.
Lane (1): Sigma wide-range molecular weight marker; Lane (2): Purified anti-InlB scFy
fraction. The elution of the scFv with 250mM imidazole resulted in the presence of a

concentrated protein band at the expected molecular weight of ~ 30kDa.
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3.6 Discussion

Thus aim of this chapter was to generate recombinant InlB protein fragments for subsequent
use m the development of novel immunecassay formats, using fluorescence and impedance-
based detection. The cloning and subsequent high-level expression of InlB-associated
proteins, F3, F4 and F5 into two vector systems (Qiagen’s pQE-60 for His-tag purification
and Avidity’s pAC4 for in vive biotinyiation) was undertaken.

Firstly, InlB protein fragments F3, F4 and F5 with relative molecular weights (Mz) of 23,
34 and 45 kDa respectively, were derived from Internalin B, a cell surface protein of L.
monocytogenes, which had been previously cloned and expressed (Leonard, 2003). The
InlB recombinant protein was portioned into three shorter overlapping peptide fragments
(F3, F4 and F5) to determine the relative location of the epitope for antibody binding,
within the full InlB protein (Figure 3.4) using specifically engineered forward and reverse
primers. The InlB-specific primers were based on the nucleotide sequence (Accession
number AJO1234) of In1B previously submitted to GenBank by Chakraborty and associates
(1995). An Ncol restriction site was engineered into the forward primers and a BamF1 site
into the reverse to enable the directional cloning into pQE-60. Since proteins expressed
from pQE-60 contain a C-terminal 6xHis tag, the genes were cloned in frame with the 3'-
sequence encoding the 6xHis tag. The authentic ATG start codons within the protein
sequences were used to intbiate protein expression using the optimised Shine-Dalgarno
region of the pQE-60.

A standard PCR reaction was then used to amplify the genes encoding the InlB protem
fragments F3, F4 and F5. The PCR amplified genes were then directly purified using a
comercial kit (Section 2.2.10) which eliminated the need to sub-clone the vector and
mserts into a selection system such as the TA cloning kit. Following direct purification of
the amplified PCR products, the genes encoding the F3, F4 and IS fragments (~800, ~950
and ~1090 bps, respectively) were confirmed following a BamH1/Ncol restriction digest
(Figure 3.6). The BamH1/Ncol restricted genes encoding each fragment were then gel-
purified and directionally cloned into the high-level expression vector pQE-60 using T4
DNA ligase (Section 3.2.7). The pQE-60 plasmids containing the cloned inserts were
transformed into CaCl,-competent X1.-10 Gold E. coli, a fast growing E. coli that allows a
sufficiently high transformation rate (Section 3.2.8). Following the successful clomng of

the F3, F4 and F5 genes into the high-level expression vector pQE-60 the suitability of XTL-
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10 Gold E. coli as a host strain was investigated. Initial small-scale expression cultures
were carried out on the F3, F4 and F5 XI.-10 Gold E. coli clones (Section 3.3) and
following protein expression the cell lysates were analysed using SDS-PAGE (Figure 3.7).
Strong bands at 23, 34 and 45 kDa respectively for the 3, F4 and F5 clones (as predicted
from the EMBL database protein predict tool), confirmed the suitability of XI.-10 Gold E.
coli as a host strain for the expression of the InlB protein fragments from the high-level

expression vector pQE-60.

High-level protein expression within E. coli host strains can often result in the formation of
msoloble aggregated folding intermediates. There are many approaches available for the
expression of soluble proteins such as the co-expression of chaperones (Hamnig and
Makndes, 1998), which assist in protein folding and the use of gene fusions to improve
expression levels (Smith and Johnson, 1988; Murby e al., 1996). However, these methods
can often be time-consuming. A more simple solution is the solubilisation of inclusion
bodies usmg a strong denaturant such as 8M urea. This method is not without its drawbacks
and can often result m non-functional, inactive protein. The functionality of the protein
may be restored by removing the denaturant (via a buffer exchange methods such as

dialysis or ultracentrifugation), thus isolating the active protein from the inclusion bodies

Solubulity determination studies on the recombinant InlB proteins (Figure 3.8) indicated
that the lugh-level expression of F3, F4 and F5 resulted in the formation of insoluble
exclusion bodies, which could be solubilised using 8M urea (Lanes 3, 6 and 9,
respectively). A web-based bioinformatics program, used to determine the solubility of the
recombinant proteins (Harrison, 2000), predicted that the F3, F4 and F5 proteins had a
68%, 72.9% and 73% chance of insolubility, confirming the need for denaturing buffer,
containing 8M urea, to ensure hugh-level recovery of the InlB protein fragments following
expression in XL-10 Gold E. coli. As described in Section 3.1.1, the expression of
recomnbinant proteins from pQE-60 is under the control of an optimised promoter-operator
element consisting of the phage T5 promoter, which is recognised by E coli RNA
polymerase, and two lac operator sequences, which increase lac repressor binding. The
facl gene contained on the F episome of XI1.-10 Gold E. coli ensures the production of
high levels of the lac repressor protein and tightly regulates recombinant protein

expression. High-level protein expression from pQE-60 is rapidly induced upon addition of
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1sopropyl-B-D-thiogalactoside (IPTG), which binds to the lac repressor protein and
1nactivates it. However, optunisation of IPTG concentration for induction of the protein
fragments was assessed to ensure minimal toxicity to the host cell (Liun® ef al, 1999).
Varying IPTG concentrations ranging from 0.01-1mM were investigated. Figures 3.9 show
the SDS-PAGE analysis on F3 expression, variations in IPTG concentration did not seem
to affect the level of protein expression and so the lowest concentration of 0.1 mM was
chosen as optimal (Lane 6). Basal level expression of F3 was visible following “induction”

with zero concentration of IPTG (Lane 7).

Recovery of imtracellular proteins from each fragment (F3, F4 and F5) involved
resuspending the pelleted bacteria mm 8M urea denaturing buffer and pulsing the
resuspension with sonic waves using a sonicator. Sonication perforates the cell membrane
and allows the cell contents to be released. However, over-sonication can be detrimental,
leading to co-purification of E. coli host proteins (Ausubel et al., 1994) and so the lowest
useful sonication time was chosen. This is the sonication time which gave the maximum
expressed protein (strongest band on SDS-PAGE gel) in the shortest time. The SDS-PAGE
analysis on the optimisation of somcation tume for the F3 protein suggested that a 30
second sonication puise was sufficient for the isolation of protein, from X1.-10 Gold E. coli
(Figure 3.10). The same sonication conditions were investigated for both the F4 and F5
fragments, (figures not shown) with the same results reported, whereby sonication over 30

seconds had a minimal effect on protem expression.

Time course expression cultures were also carmed out to determine the optimal induction
period, post IPTG addition, for InlB fragment expression. Intracellular protein content is a
balance between the amount of soluble protem in the cells, the formation of inclusion
bodies and protein degradation. Analysis on the levels of protein expression at hourly
intervals post IPTG induction was used to determine the optimal induction time. SDS-
PAGE analysis (Figures 3.11-3.13) on the time-course expression cultures for the InlB
protein fragments suggested that a 4-hour induction period enabled sufficient levels of
protein production. Slightly higher levels of InlB F3, F4 and F5 expression were observed
following a 5-hour induction period. However, the 4-hour induction p'e:riod appeared
satisfactory and minimised the risk of potential proteolytic degradation and 6xHis tag
cleavage (Makrides, 1996).
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The genes encoding the F3, F4 and F5 recombinant proteins were sequenced for
comparison with the known nucleotide and amino acid sequences of InlB previously
submitted to GenBank. Nucleotide and amino acid sequence alignments were then used to
compare the cloned InlB fragments F3, F4 and F5 described in this chapter with the
sequences previously submitted to GenBank and the NCBI database. Amino acid sequence
analysis on the each fragments showed 100% homology between the cloned F3, F4 and F5
fragments with the full recombinant 60 kDa protein previously identified by Chakraborty ef
al., (1995), (Accession number AJ01234),

The immunoreactivities of the recombinant proteins were then determined using Western
blotting. The recombinant proteins were electrophoresed using SDS-PAGE (Fig. 3.15 A)
with the bands representing the expressed F3, F4 and F5 visible at 23, 34 and 45 kDa,
respectively. The proteins were then transferred to nitrocellulose for Western blotting.
Initially the nitrocellulose was probed with an anti-His antibody to ensure the recombinant
proteins were expressed in frame. The presence of the bands at 23, 34 and 45 kDa confirm
the proteins were fully expressed in frame with a 6xHis tag (Fig. 3.15 B).

The ability of the recombinant proteins to bind associated anti-InlB antibodies was
subsequently examined. Nitrocellulose containing the transferred proteins was probed with
three anti-InlB-derived antibodies (polyclonal, monoclonal and scFv). This allowed
identification of the relative location of epitopes on the surface of the protein, thus
determiming antigenic sites (Rao ef al., 1996). It can be clearly seen that the antibody-
binding region is located in the first 0-248 amino acids of the protein (F3), as the panel of
antibodies used to investigate immunoreactivity bind the three fragments and the full
protein. This showed that the location of the antibody-binding domain is in the first portion
of the recombinant protein, the F3 fragment. This information is useful for further assay
development, whereby the first section of the protein containing the ‘leucine-rich’ repeats
with no IgG domain (Schubert et al., 2001; Kobe and Kajava, 2001; Freiberg et al, 2004)
is the most immunoreactive portion of the protein, containing all epitopes for antibody
binding. This eliminates the need to grow and purify the rest of the recombinant protein as
all the antigenic sites are contained within this first section (F3), thus making antigen

preparation far simpler.
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Since F3 was identified as the most immunoreactive portion of the InlB protein, it was
subsequently used for further assay development. The optimised parameters for protein
expression were applied for the large-scale production of F3 and the protein was purified
using 1mmobilised metal affinity chromatography (IMAC). Figure 3.14 shows the
optimised purification of F3, using imidazole elution, whereby high levels of purity were
obtained. The concentration of the purified protein was subsequently estimated using a
BCA assay (Section 2.2.21). A standard curve was constructed using BSA and
concentration values for the purified protein obtained from it. The final concentration of

purified F3 was calculated to be 1.5mg/ml.

The recombinant protein fragments (F3, F4 and F5) were also subcloned into another
vector system (pAC4) for in vive biotinylation {Schatz, 1993). In vive biotinylation of
proteins has been shown to be exiremely useful in analysing protein-protein interactions
(Tan® et al., 2004; Krepkiy et al., 2006). The pAC4 vector has both a BamH1 and Ncol
restriction site, thus facilitating easy transfer of InlB protein fragments (F3, F4 and F5)
from Qiagens pQE-60 vector into the pAC 4 vector. The InlB inserts (Section 3.4.1.2) with
the genes encoding the F3, F4 and F5 fragments (~800, ~950 and ~1090) bps, respectively)
were directionally cloned into the pAC4 expression vector for in vivo biotinylation, using
T4 DNA ligase (Section 3.2.7) and subsequently transformed into electrocompetent
AVBI101 E. cofi, {Section 2.3.3). Positive clones were screened by picking single colonies
from transformation plate, for growth and induction (Section 2.3.4). High-level
recombinant protein expression was induced vpon addition of 1mM IPTG and 100pM
biotin and the resulting pellets washed with PBS to remove any free biotin.

Characterisation of the in vivo biotinylated InlB protein fragments cloned from the pAC4
vector system was undertaken using traditional immunochemical techniques, SDS-PAGE
and Western blotting, prior to purification via affinity chromatography, using immobilised
monomeric avidin. The recombinant proteins were electrophoresed using SDS-PAGE (Fig.
324 A) and the proteins transferred to nitrocellulose for Western blotting. The
nitrocellulose was probed with an anti-biotin antibody to confirm the presence of the biotin
AviTag. The presence of the bands at 23, 34 and 45 kDa confirm the proteins were fully
expressed in frame with the biotin AviTag (Fig. 3.24 B). The in vivo biotinylated InlB
protein fragments cloned from the pAC4 vector were purified uvsing affinity

chromatography and characterised using both fluorescence-based and Biacore-based
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methods This mghlighted the potential use of these cloned InlB proteins as novel reagents

for enhanced assay development.

The n vivo biotinylated fragments were investigated using direct binding assay with an
anti-InlB polyclonal antibody. Both extravidin-peroxidase and streptavidin-Cy5 were used
to detect the amount of in vive biotinylated protein bound to immobilised anti-IniB
antibody (Figures 3.36-3.38). The F3 fragment gave the most sensitive response, which
indicated that the in vivo biotinylation efficiency of the F3 fragment was superior to both
the F4 and F5 fragments. Demonstration that the biotinylated fragment F3 could be
successfully traced with three different avidin-linked fluorescent labels was also shown.
This highlights the potential use of the in vivo biotinylated fragment as a reagent for future
fluorescence-based 1mmunoassay development. Biacore-based methods (Section 4.1.3.2)
were also used for the characterisation of n vive biotinylated [nlB F3. The biotinylated F3
fragment was used as the capture antigen for the preliminary development of a Biacore
imhibition assay for detection of InIB F3, using the anti-InIB polyclonal antibody. A range
of detection of between 19-1250 ng/ml was derived and CVs of between 0.48-3.05% were
found. However, as stocks of the anti-InlB polyclonal antibody were depleted, the
preliminary assay was only based on three replicates and as such, could only demonstrate a
proof of principle concept. However, it did demonstrate the potential use of the biotinylated
IniB protein fragment as a reagent for further assay development for the sensitive detection
of InlB.

Overall, the cloning, expression and purification of the F3, F4 and F5 gene sequences in E.
coli using the two strategies described in this chapter, showed a safe and reliable method
for the production of InlB-derived recombinant protein fragments. Following optimisation
of the various parameters required for high-level protein expression the recombinant
proteins were purified using IMAC and monomeric avidin affinity chromatography. The
ability of the proteins to recognise InlB-associated antibodies was confirmed using SDS-
PAGE, Western blotting, fluorescence-based immunoassay and Biacore methods. The
recombinant proteins described in this chapter are important for the development of novel
immunoassays for the detection of IniB using both fluorescence and impedance-based
technology (Chapters 4 and 5).
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Chapter 4: Evaluation of novel fluorescent

labels and assay formats for antigen detection
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4.1 Introduction

Sensors based on optical phenomena are widely vsed for the sensitive detection of
biological molecules (Luppa ef al, 2001). This is mainly due to the advantages of
applying visible radiation which include a non-destructive operation mode, rapid signal
generation and high levels of accuracy for clinical applications (Aizawa, 1994). Changes
in optical phenomena such as adsorption, fluworescence, luminescence, scatter or
refractive index (RI) can occur when light is reflected at sensing surfaces and these
changes form the physical basis for optical sensor technology. The light cormng from a
source can be either transmitted through or reflected back from the sample via optical
waveguides, which direct the light to a suitable detector (Eggms, 1996). Photodiodes or
photomultipliers are generally used as the detectors in such systems and optical filters are
available for applications where specific wavelengths are to be monitored (Wolfbeis,
1993). The main operational principles for optical biosensors include absorption and
reflection spectroscopy, including surface plasmon resonance and luminescence-based
detection, including chemiluminescence, fluorescence and phosphorescence (Buerk,
1993).

4.1.1 Absorption & Reflection Spectroscopy

Absorption spectroscopy refers to the interaction of electromagnetic radiation with
matter. It is used to characterise the intensity of transmitted light through a uniform
medium as a function of the incident light, when the optical properties are affected by
chemical concentration (Buerk, 1993). A spectrum of light will be absorbed at a
particular wavelength, which is distinct for each chermcal species. This is due to the fact
that they absorb energy at different wavelengths since differing chemical bonds
experience differing vibrational and rotational movements; therefore variations in light
absorption occur for each molecule. Absorption spectroscopy can be affected by light
scattering, disturbances from external light sources and non-uniform optical properties in
a chemical species, all of which make acquisition of a specific absorption peak difficult
However, this method is a useful optical tool for the analysis of biological molecules
such as protein or DNA, both of which have known absorption peaks at 260nm and
280nm, respectively. Reflection spectroscopy on the other hand measures light reflected
back from the surface where changes in the intensity of the reflected light represent both
the physical and chemical events occurring in the medium. Light transmitted through an
optical fibre penetrates into the surface material to depth that is dependent on the

difference in refractive index of the material.
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4.1.2 Luminescence

Luminescence can be defined as the emission of light from atoms or molecules as a result
of a transition from an electronically excited state to a lower cnergy state (Lackowicz,
1999). Luminescence-based detection encompasses three basic phenomena; fluorescence,
phosphorescence and chemiluminescence. The principles of fluorescence and
phosphorescence-based detection have already been discussed in detail (Section 1.5.1).
Chemiluminescence occurs by the oxidation of a substance to produce visible light in the
absence of any exciting illumination and without the emission of heat. No external source
of light is required to initiate the reaction and the whole sample is involved. Luminol is
one of the best known chemiluminescent species and is used extensively in immunoassay
techoiques (Dotsikas and Loukas, 2004) where it reacts with oxygen, hydrogen peroxide
or peroxidase. When luminol reacts with these molecules, a chemical reaction occurs
producing an excited state and the decay of this excited state to a lower energy level is
responsible for the emission of light. In theory, one photon of light should be produced
for each molecvle of reactant, but in actual practice, non-enzymatic reactions seldom
exceed 1% quanmm efficiency (Eggins, 1996). The key difference between
chemiluminescence and fluorescence or phosphorescence is that no radiation is absorbed.
The energy required to emit light comes from the energetics of the chemical reaction.
Chemiluminescent-based detection has been used extensively in biosensor technology for

the detection of various analytes (Ji et al., 2006; Liu et al., 2007; Luo et al., 2007).

4.1.3 Optical-based detection

4.1.3.1 Opfical wave guides

Optical fibres are waveguides for light, in that light waves are propagated along the fibre
by total internal reflection (TIR). Total internal reflection depends on the angle of
incidence and the refractive indices of the media. Waveguides can be either extrinsic or
mntrinsic. Extrinsic waveguides transmit light from a light source to a light collector. In
the intrinsic mode, the phase polarisation and intensity of the light are modulated within
the waveguide by a measurand lying within the penetration depth for the evanescent field
adjacent to the guide (Eggins, 1996). Optical waveguides can be glass, quartz, polymer
film or fibers made of high refractive index (RI) material embedded between lower index
dielectnic materials. Excitation light travelling through an optical waveguide is confined
by total internal reflection at the interface, defined by the waveguide surface. TIR occurs

only under a particular set of conditions and 1s dependent on many factors, including the
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wavelength, incidence angle, and the relative refractive indices of the waveguide and the
surrounding mediom (Kumar ef al, 1994). The surrounding medium has to be of a lower
refractive index than the waveguide in order to achieve TIR. Optical wavegnides operate
when an evanescent field develops at the sensor’s surface, generated by the excitation of
the light itself in the dielectric layer. Laser light is transmitted into the device and when it
encounters a biomolecule immobilised on the surface, multiple reflections occur. Some of
the light, however, peneirates the biolayer and as this light is reflected back into the
waveguide, a shift in phase occurs that interferes with the transmitted light. Thus, any
changes occumring at the biomolecule interface (such as during immunocomplex
formation) can be detected by monitoring the changes in interference (Székics et al.,
2003; Wu et al., 2006).

4.1.3.2 Surface Plasmon Resonance

SPR is a sensing technique that can be used to monitor ‘real-time biospecific reactions’.
Refractive index (RI) changes occurring m close proximity to a thin metal surface at the
interface between a glass sensor surface (high refractive index) and a buffer (low
refractive index) are detected via an evanescent field generated at the site of total internal
reflection (Homola et al., 1999). The evanescent ficld penetrates the metal film, with
exponentially decreasing amplitude from the metal-sensor interface and surface plasmons
oscillate and propagate along the surface of the metal film (Mullett ez al., 2000). Surface
plasmons absorb some of the light energy from this evanescent field, thus changing the
TIR light intensity. The resonance angle at which this intensity minimum occurs is a
function of the refractive index of the solution close to the metal layer on the opposing
face of the sensor surface. Surface plasmon resonance (SPR) occurs in the visible region
m free electron-like metals such as silver and gold, when the thickness of the metal film
is a fraction of the wavelength. Changes in the optical properties of this region will,
therefore, influence the SPR angle, which is the basis of the SPR technology for
biosensing purposes (Liedberg et al., 1995). The general principle of SPR measurement
is depicted in Figure 4.1, SPR Miosensors allow direct monitoring of the biospecific
interactions taking place at sensor surfaces. They do this by measuring changes in the
intensity and the resonance angle of reflected light, caused by the alterations in RI at the

surface interface.
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Figure 4.1 Schematic showing principle of operation of a surface plasmon resonance-

based biosensor. Monochromatic p-polarised light is focused onto a metal thin film

surface immobilised with a biological sample (antibody), via a glass prism under

conditions of total internal reflection (TIR). (A) As buffer is passed over the surface, the
dip in reflected light intensity is recorded (shown in pink) at reflected light angle I. (B)
On introduction of antigen, a subsequent binding event occurs which changes the optical
properties of the system. Changes in the refractive index at the interface between the
surface and a solution flowing over the surface (buffer containing corresponding
antigen), alter the angle at which reduced-intensity polarized light is reflected from the
supporting glass plane (shown in blue) at reflected light angle II. The changes in angle
are caused by association or dissociation of molecules from the sensor surface and are,

therefore, proportional to the mass of bound material (Anonymous, 2007).
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4.1.3.3 Applications of optical-based detection

There are many applications of optical sensors in clinical chemistry and diagnosis
{(Cullum and Vo-Dinh, 2000; Alivisatos, 2004; Goldman et al, 2004; Medintz et al.,
20035). Optical immunosensors utilise both labelled aud label-free technologies. The
optical detection of the immunological reactions using labelled immunospecies has been
described by many authors (O’Riordan et al.,, 2002; Sutherland, 2002; Lochoer ef al.,
2003; Tully et al, 2006). Labels can be fluorescent but enzymatic, biological and

chemiluminescence species are also utilised (Nimeri et al., 1994; Matz et al., 1999).

Rowe” et al. (1999) describe the use of an array biosensor employing labelled antibodies
coupled to a glass chip, for the simultancous detection of bacterial, viral and protein
analytes. The array biosensor utilises evanescent wave excitation to interrogate patterns
of fluorescently-labelied antibodies, immobilised on planar waveguides. This system
detects and measures analytes in buffer and in a number of physiological fluids and is
relatively unaffected by non-specifically bound components from complex samples.
Optical detection via a thermoelectrically cooled CCD camera captures the fluorescent

signal from bound analytes upon excitation with a laser diode.

While labelled antibodies and antigens give rise to highly specific and sensitive results,
improvement in optical transduction and associated technologies can enhance collected
signals. Stranik et al. (2003) describe the use of a chip-based sensor employing metallic
panoparticles in conjunction with fluorescently-labelled antibodies for the detection of
bovine serum albumin (BSA). A plasmonic enhancement effect is reported whereby the
presence of metallic particles in the vicinity of a fluorophore dramatically alters the
fluorescence emssion and absorption properties of the fluorescent dye. The effect, which
is associated with the surface plasmon resonance of the metallic surface, depends on
parameters such as metal type, particle size, fluorophore type, and fluorophore-particle
separation and is a nseful tool for the optical detection of biologically important analytes,
i this case BSA.
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Label-free optical methods are also widely used in biosensors and a number of sensitive
systems exast (Wei e al., 2003; Muller-Renaud et al., 2004; Mauriz et ol., 2007). Label-
free evanescence wave-related sensors represent a valuable alternative to traditional
solid-phase immunoassay technology (Huang er al, 2006) and surface plasmon
resonance (SPR) can also be employed for the immunosensing of biomolecules (Leonard,
2003 and Leonard et al., 2005). However, label-free systems are often prone to non-
specific binding effects and poor analytical sensitivity to analytes with low molecular
weight (Berger et al., 1998) is also common. The problem of non-specific binding is also
a major issue, however; this can be reduced by applying a reference sensing region to the
label-free optical sensor; the Biacore™ system (Biacore AB, Uppsala, Sweden) allows
nsers to use a flow cell as reference cell. Subtraction of the sample response from the
reference cell response allows deduction of a true signal; therefore, the effects of non-

specific binding are corrected for.

Biosensors are used for the analysis of complex fluids and, in recent years, the fabrication
of biosensors able to distinguish multiple analytes in a single sample has become an
increasingly well recognised research goal (Ekins and Chu, 1993). Several research
groups have described advances in multianalyte sensor arrays using optical methods
(Bakaltcheva et al., 1998). The types of optical devices fabricated for interrogation of
such arrays varies depending on the type of molecule attached to the sensor surface and
the mode of immobilisation. Instruments for the analysis of small biological elements
{(nucleotides, amino acids, RNA) can be based on total internal reflection fluorescence
and confocal microscopy, where high resolution and pattern recognition are key elements
(Sapsford et al., 2002; Zhang et al., 2006;). The approach taken for the detection of larger
molecules such as antibodies or longer nucleic acid strands (Wadkins et al., 1998; Blawas
and Reichert, 1998; Charles et al., 2004) 1s significantly different. These molecules are
mvolved in highly specific binding nteractions, whereby a detection event at a single
spot is sufficient for identification. The central element for antibody-based optical sensor
systems is planar optical waveguides. Waveguides are used to direct excitation light to
biomeolecule-linked fluorophores bound to the wavegnide surface (Rowe” et al., 1999)

and form the basis of the chip-based immunosensors described in this research.
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4.1.4 Chapter Outline

This chapter focuses on the development of enhanced detection strategies using
luminescence-based methods for the quantification of a number of important targets. The
incorporation of novel antigens (Chapter 3) and fluorescent labels (with improved optical
properues) into fluorescence-based systems with enhanced detection capabilities is
shown. The combination of such technologies highlights the potential use of novel labels
1n the development of better detection systems with greatly increased sensitivibies. The

detection of warfarin, listerial proteins, human IgG and whole Listeria cells is described.

The use of novel fluorescent labels with superior optical properties in solid-phase plate-
based immunoassays, polymer chip-based systems and for the immunostaining of
bacterial cells, on modified glass surfaces is shown. Antibodies, coupled to fluorescent-
tracer molecules (phosphorescent porphyrin labels and quantum dots} via streptavidin-
biotin attachment, were assessed in plate-based formats for the detection of warfarin and
Internalin B. The synthesis and characterisation of ratheninm dye-doped high-brightness
nanoparticles was also explored and use of such particles for the detection of human IgG
examined. The assays described 1n this chapter highlight the potential use of novel labels
in the development of improved fluorescence-based strategies for the detection of
important analytes. Optimisation of assay parameters and comparison of assay
sensitivities and limits of detection with current techniques are discussed. Polymer chip-
based strategics for the detection of InlB and the parvovirus capsid protein, VP2 were
also mvestigated using a CCD set-up. The immobilisation and subsequent detection of
biomolecules on modified polymer chips was explored and the potential use of such
biochips with enhanced labels discussed.

The incorporation of immunoreagents with better specificity for antibody-antigen
recognition coupled with novel fluorescent labels into detection systems with enhanced
signal capturing properties (biochips with cone structures) facilitates the improved
detection of target analytes. In this chapter, the potential use of such formats is discussed

and associated obstacles examined.
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4.2 Fluorescence immunoassay (FIA) development

There are a number of important parameters that must be investigated for successful
fluorescence-based immunoassay development. These are the choice of analyte, choice of
label, conjugation strategy, assay format and detection system. The chosen targets
Listeria monocytogenes cell surface protein Internalin B, warfarin and Parvoviros B19
are all of commercial and clinical significance. Antibodies directed against these targets
had been produced and fully characterised by ELISA and Biacore-based assays, prior to
this research (Fitzpatrick and O’Kennedy, 2004; Leonard ef al., 2005; Hearty et al, 2006;
Tully et al., 2006). In this chapter the use of quantum dots and porphyrin-derivatives in
the development of novel assays for the detection of the target analytes previously listed

is described.

The main advantages of novel fluorescent probes such as quantum dots are their narrow
predictable emission, extreme photostability, multiple tunable colours, brightness, broad
excitation, large Stokes shift and high quantum yields (West and Halas, 2000).
Functionalisation of the polymer shell of such molecules is relatively simple and allows
direct coupling of the label to biomolecules. In the case of quantum dots, the polymer
shell is directly coupled to streptavidin through a carbodiimide-mediated covalent
reacton. The commercially available streptavidin-conjugated quantum dots used in this

research emit brightly at 605nm and can be excited with a broad range of sources.

The selected porphyrin dyes used here, emut strong phosphorescence at room
temperatures, which is characterised by long lifetimes in the sub-millisecond range and
long-wave spectral characteristics (Martsev ef al., 1995). These featares make the dyes
useful as probes for a number of bicanalytical applications since they can provide hugh
sensitivity and selectivity, together with easy detection using a simple instrumental set-
up. Novel derivatives of platmum and palladium coproporphyrin were used to make
phosphorescent conjugates of antibodies, avidin, biotin and neutravidin (O°Riordan et al.,
2001). These labels and conjugates have previously been evaluated in solid phase
immunoassays using commercial phosphorescent detectors. Successful use of these
probes was reported for a number of plate-based assays formats (Papkovsky, 1991). A
simple conjugation procedure was used for labelling biomolecules such as neutravidin or
antibodies with this dye. A carbodiimide preactivates the porphyrin dye (platinum or

palladium coproporphyrin) in organic solvent in the presence of N-hydroxysuccinimide.
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Proteins are subsequently conjugated to the porphyrin derivative via their amino groups
{O’Riordan et al., 2001).

Initially direct binding assays were performed to investigate label sensitivities and
fluorescence signal to noise ratios, whereby coating concentration, blocking solution,
antibody dilution and label dilution were optimised. Competittve immunoassays for the
detection of InlB using both an anti-InlB polyclonal antibody and an anti-InlB scFv were
developed. Competitive immunoassays for the detection of warfarin using an anti-
warfarin monoclonal antibody were also mvestigated using quantum dots and porphyrin

dye as the fluorescent tracer molecules.

Dye-doped nanoparticles were prepared and optinisation of the conjugation strategy with
antibodies was exarmuned. Silica nanoparticles are easy to modify, either through NHS
activation, silanisation or carboxyl modification (Lian et al, 2004). Ruthenium dye-
doped nanoparticles were surface-modified for both avidin and antibody attachment.
Human IgG was used as the target molecule for the nanoparticle development, described
in this chapter. Initially, InlB was chosen as the target molecule, however, the anti-InlB
polyclonal antibody was in short supply and so a commercial source (Sigma) of antibody
and antigen was selected. This was deemed necessary as large quantities of reagent were
required for the optimisation of antibody-nanoparticle conjugation and assay

development.
The following sections (Sections 4.3-4.6) describe the optimisation and associated

problems in the development of fluorescence-based immunoassays for the detection of

InlB, warfarin and human IgG, using novel fluorescent labels.
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4.2.1 Biotinylation of Antibodies

Biotin is a vitamin, which binds with high affinity to the tetrameric protein avidin (also
streptavidin and neutravidin), with a dissociation constant (Kd) in the order of 10> mol/1
{Green 1965; Wilchek and Bayer, 1988). Biotin 1s a relatively small molecule of 244
daltons and it can be conjugated to proteins without significantly altering the biological
activity of the protein, via amino, carboxyl or sulfhydryl groups. A protein can be reacted
with several molecules of biotin that, in turn, can each bind a molecule of avidin. This
greatly increases the sensitivity of many assay procedures. The highly specific interaction
between streptavidin and biotin allows biotin-containing molecules, in this case
biotmylated antibodies, to be discretely bound with streptavidin-linked fluorescent
conjugates i.e. quantum dots or porphyrin dye. Polyclonal, monoclonal and scFv
antibodies were biotinylated (Section 2.5.2. 1) and subsequently used in association with

avidin-linked fluorescent probes.

A long chain analog of biotin, with an extended spacer arm (22.4 A) to reduce steric
hindrances was used to biotinylate the antibodies for this application. Long-chain biotin
forms a stable amide bond with primary amines at pH 7-9. The optimal antibody
concentration for successful biotinylation was determined to be approximately mg/ml
and a 10-20 molar excess of bictin was used to promote efficient biotinylation. The
HABA/avidin method is used to determine the degree of biotinylation of antibodies and
recombinant proleins biotinylated ‘in-house’. The method is based on the binding of the
dye HABA to avidin and the ability of biotin to displace the dye. The displacement of
dye is accompanied by a change in absorbance with a known extinction co-efficient;
therefore, the biotin labelling levels can be determined spectrophotometrically (Section
2.52.1).
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4.3 Development of fluorescence-based immunoassays for the detection of InlB
Fluorescence-based immunoassays (FIA) for the detection of InlB a cell surface protein
of Listeria monocytogenes were developed, using quantum dots and porphyrin dye as
fluorescent labels. The F3 fragment of the recombinant InlB protein was used as the
antigen for the development of these assays since it was deemed to contain the most
immunoreactive portion of the protein (Section 3.3.7). InIB-F3 was grown under
optimum conditions (Section 2.2.18), subsequently purified using immobilised metal
affinity chromatography (IMAC) and the concentration of purified protein determined
(Sections 2.2.19 and 2.2.2()

Rabbit anti-serum contaiming polyclonal antibodies directed against InlB was obtained
from Dr. Paul Leonard and made available for this application. The polyclonal antibodies
were initially purified from the rabbit serum using saturated ammonium sulphate
precipitation followed by protein G affinity chromatography, (Sections 2.4.11 and
2.4.1.2). The purified anti-InlB polyclonal antibody was subsequently biotinylated
(Section 2.5.2.1), for use in the development of fluorescence-based immunoassays for the
detection of free InlB. Extensive characterisation of this antibody was undertaken
previously (Leonard, 2003; Leonard et al., 2005; Hearty et al., 2006). However it was
necessary to repeat the checkerboard ELISA for the biotinylated anti-inlB polyclonal

antibody, using an avidin-conjugated probe (extravidin-peroxidase).
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4.3.1 Checkerboard assay to determine optimal antigen coating concentration and
 biotinylated antibody dilution for assay development

In order to determine the optimal working dilution of the biotinylated antibody and the
optimal recombinant InlB-F3 coating concentrations, a checkerboard ELISA was
performed (Section 2.4.1.3). Varying concentrations of InlB-F3 ranging from 0 —
40ug/ml were coated on a microtitre plate and dilutions of biotinylated antibody from
1/50 to 1/12800 were added to each InlB-F3 concentration. The amount of bound
antibody was detected using extravidin peroxidase and the resulting response was

measured using a Tecan Safire” plate reader (Figure 4.2).
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Figure 4.2 Checkerboard ELISA for the determination of optimal InlB-F3 coating
concentration and biotinylated antibody dilution for use in a competitive fluorescence-
based immunoassay (FIA). Varying IniB-F3 coating concentrations ranging from 0 -
40ug/ml and biotinylated antibody dilutions from 1/50 - 1/2800 were assayed and the

amount of bound biotinylated antibody was determined using, extravidin peroxidase.
The optimal coating concentration of InIB-F3 was 20pug/ml and the optimal biotinylated

anti-InlB antibody dilution that gave the greatest change in absorbance per change in
antibody dilution was determined to be 1/300.
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4.3.2 Optimisation of hlocking reagents and diluents

In order to reduce non-specific binding (NSB) a number of blocking solutions were
exammed. When no protein was coated on the surface, a signal was observed following
the addition of varying dilutions of biotinylated antibody. Therefore, it was necessary to
optimise the blocking reagent to establish the best solution that kept NSB to a minimur.
Casein, glycerol, gelatin, BSA, OVA, Tween 20 and Triton X have been reported as

suitable solutions for reducing NSB in immunoassays.

In order to determine the optimal blocking solution for this assay format, varying
concentrations of BSA, Tween 20 and glycerol were investigated. Plates were coated
with recombmant InlB protein fragment F3 (IniB-F3) at the optumal concentration
(20pg/ml) and blocked with the following range of solutions: PBS contanmng 0.1-2%
(w/v) BSA, 0.01-0.5% (w/v) Tween 20 and 10% (v/v) glycerol. Biotinylated antibody*,
diluted 300-fold was added to the plate and the fluorescence measured followmng the
addition of streptavidin-Cy5 at a dilution of 1/1000. The fluorescent response was
normalised by subtracting the response in the absence of fluorescent tracer molecule
(streptavidin-Cy5) from all values. The fluorescence response units (FRU) for cach
blocking solution were plotted both 1 the presence and absence of coating antigen (InlB-
F3) to evaluate which blocking solution reduced non-specific binding (NSB) of the
brotinylated anti-InlB antibody to the plate. The results of blocking solution optinusation

are shown in Figure 4.3.

* Optimisation of blocking solution for fluorescence-based immunoassays was initally
performed using a biotinylated anti-InlB polyclonal antibody. The optimal blocking
solution was determuned to be PBS contawning 1% (w/v) BSA in this case. The selected
blocking solution was subsequently assessed for compatibility with both a biotinylated
anti-warfarin monoclonal antibody and warfarin-BSA conjugate and an anti-InlB scFv
and InlB-F3, which were also used for fluorescence-based immunoassay development,
whereby it was also found to be suitable for use with these alternative antibody-antigen

pairs (data not shown).
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Figure 4.3 Selection of blocking reagent. Plates were coated with 20png InIB-F3 and with
PBS containing no protein. A 1/300 dilution of biotinylated antibody was prepared in
PBS and traced with streptavidin-Cy5 to determine the optimal blocking solution to
reduce non-specific binding. The fluorescence response units (FRU) for each blocking

solution were plotted both in the presence and absence of coating antigen (InlB-F3)

The variation between blocking solutions suggested that non-specific binding was
occurring between the biotinylated antibody and the plate surface. Interactions involving
solutions containing Tween 20 showed a high degree of NSB. The use of Tween 20 was
not suitable since studies have shown that non-ionic detergents can prevent attachment of
proteins to polystyrene or nitrocellulose membranes (Gardas and Lewartowska, 1988).
When the blocking solutions contained BSA, however, only minimal interactions were
observed, when no antigen (InIB-F3) was coated on the plate surface. In order to
maximize the signal for fluorescence-based immunoassays, the solution which gave the
largest difference in observed specific and non-specific response was chosen. PBS

containing 1% (w/v) BSA was found to be the most suitable blocking reagent for this
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format since the solution significantly reduced the NSB of the biotinylated antibody to
the plate.

A ttre of biotinylated antibody against the optimal coating concentration of recombinant
InIB-F3 (20ug/ml) was performed using PBS containing 1% (w/v) BSA as a blocking
agent. From Figure 4.4 it can be seen that the use of BSA as a blocking solution greatly
reduced non-specific binding interactions and resulted in only specific binding between
immobilised InIB-F3 and the biotinylated anti-InlB polyclonal antibody. For subsequent
assay development, p_iates were blocked with PBS containing 1% (w/v) BSA.
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Figure 4.4 Titre of biotinylated antibody labelled with streptavidin-Cy5. PBS containing
1% (w/v) BSA was used as the blocking solution to ensure that non-specific binding
interactions between the biotinylated anti-InlB polyclonal antibody and the plate surface
were reduced. The fluorescent response was normalised by subtracting the response
the absence of fluorescent tracer molecule (streptavidin-Cy5} from all values and the
normalised fluorescence response umits (NFRU) ploited against biotinylated antibody

dilution both in the presence and absence of coating antigen (InlB-F3).
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4.3.3 Competitive fluorescence-based immunoassay (FIA) for the detection of InlB-
F3 in PBS, using quantum dots as fluorescent label

A model competitive FIA was developed using the optimised dilutions determined from
the checkerboard assay, where the biotinylated anti-InlB polyclonal antibody competes
for binding to free InlB-F3 in solution and immobilised InIB-F3 oa the plate. A microtitre
plate was coated with 20pg/ml of InlB-F3 and blocked with PBS containing 1% (w/v)
BSA. Standards of InIB-F3 were prepared in PBS ranging from 1.5 to 50,000ng/ml and
mixed with an equal volume of biotinylated anti-InlB polyclonal antibody to give a final
dilution of 1/300 (Section 2.8.2). Quantum dots were used at a concentration of 2nM,
(Section 2.8.1),

Results were normalised by dividing the mean fluorescence obtained at each InlB-F3
concentration (F) by the fluorescence values determined in the presence of zero antigen
(Fo). These values (F/Fy) were plotted against the logarithm of InlB-F3 concentration
using Biaevaluation 4.0.1 software and 2 four-parameter equation was fitted to the data.
The four parameter function provides an accurate representation of the sigmoidal
relationship between the measured response and the logarithm of concentration observed

for immunocassays (Findlay et al., 2000).

Figure 4.5 shows the FIA ter-day calhbration curve using the polyclonal antibody,
where the lower limit of detection for the competitive assay was determined to be
12ng/ml. This limat of detection is defined as the lowest concentration that could be
statistically determined as different from the Fy value and is calculated by determining as
the mean value of the blank (Fg) plus 3 times the standard deviation.
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Figure 4.5a Inter-day calibration curve for competitive FIA for the detection of free IniB-
F3 in PBS using the anti-IniB polyclonal antibody and streptavidin-linked quantum dots
as the fluorescent label. Results were normalised by dividing the mean fluorescence
obtained at each InlB-F3 concentration (F) by the fluorescence values determined in the
presence of zero antigen (Fo). A lower limit of detection of 12ng/ml was determined by

calculating the mean of the blank value (Fy) plus 3 times the standard deviation.
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Figure 4.5b Residuals of Biaevaluation plot using 4-parameter equation fit for data
shown in Fig 4.5a, a competitive fluorescence-based immunoassay for the detection of

InlB-F3, using streptavidin-linked quantum dots as the fluorescent label.
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In order to measure the accuracy of the fluorescence-based immunoassay using quantum
dots as the label, intra-day and inter-day assay variability stuches were performed,
whereby three sets of standards were assayed over three days. The coefficients of
variation (CV’s) were determuned to assess the reproducibility and precision of the
analytical method, expressing the standard deviation as a percent function of the mean.
Inter-day assay CV’s ranged from 0.37% to 8.43% (Table 4.1), which are well within the
20% limits suggested by Findlay ez al. (2000).

Table 4.1, Inter-day FIA coefficient of variation (CVs) for the detection of free InlB-F3
using the InlB-specific polyclonal antibody and streptavidin-linked quantum dots. Three
sets of each standard were assayed over three days and the CVs calculated. Back-
calculated concentrations were determined using Biaevaluation 4.0.1 software and

expressed as a percentage of the theoretical concentrations (% recovery).

Concentration F/F, £ SD Cv Back calculated Recovery
(ng/mi) (%) concent_ration (%)
(ng/ml)

6250 .44+ 0.02 4.56 6889 110
3125 0.49+ 0.00 0.40 2898 92
1563 0.54+ 0.00 0.37 1424 9]
781 0.58+0.01 2.57 741 94
391 062+0.02 2.88 392 100
195 .65+ 0.04 6.60 256 131
98 0.71£0.01 2.10 96 98
49 0.77+0.03 4.41 41 83
24 0.81+0.05 5.70 23 96
12 0.84+ 0.07 843 13 111

The assay was found to be accurate with the percentage recovery of back-calculated

values determined to be between 83-111% of the measured concentrations.’ This' was in

line with the percentage accuracies suggested by, Findlay ez al., (2000) whereby the

values should be within a 25% acceptance limit. This was true for’all concentrations

except for the concentration of 195ng/ml. This point ‘on the curve was askew m both the

-inter and intra-day variability studies and had 2 percenia?ge rec?wery: of 13?1_%, which is

outside, of the suggested range.
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An anti-InlB recombinant antibody fragment (scFv) isolated from a naive human library
{(Vaughan et al., 1996) by Dr. Paul Leonard, was also used to develop a competitive assay
for the detection of free InIB-F3. The scFv was biotinylated as detailed in section 2.5.2.1.
A model competitive assay was developed where the biotinylated anti-InfB scFv
competes for binding to free InlB-F3 in solution and immobilised In1B-F3 on the plate.
Standards of InlB-F3 were prepared in PBS ranging from 1.5 to 50,000ng/ml and mixed
with an equal volume of biotinylated anti-InlB scFv to give a final dilution of 1/300.
Quantum dots were used at a concentration of 2nM, (Section 2.8.1). latra-assay
variability studies were performed to demonstrate the reproducibility of the competitive
FIA. Results were normalised by dividing the mean fluorescence obtained at each InlB-
F3 concentration (F) by the fluorescence values determined in the presence of zero
antigen (Fp). These values (F/Fy) were plotted against the logarithm of InlB-F3
conceniration using Biaevaluation 4.0.1 software and a four-parameter equation was
fitted to the data. Figure 4.6 shows the FIA inter-day calibration curve using the scFv
antibody fragment, where the lower limit of detection for the scPv competitive assay was
determined to be 12ng/ml.
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Figure 4.6 Intra-day calibration curve for competitive FIA for the detection of free InlB-

F3 in PBS using the anti-InlB scFv. Results were normalised by dividing the mean
fluorescence obtained at each InlB-F3 concertration (F) by the fluorescence values
determined in the presence of zero antigen (Fy). A lower limit of detection of 12ng/ml was
determined by calculating the mean of the blank value (Fy) plus 3 times the standard

deviation.
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Efficiency of biotinylation was a problem in this format. Entire antibody molecules were
biotinylated via conjugation to a chemically active biotin denvative (Section 2.5.2.1),
however scFv molecules are less stable than their whole IgG counterparts and more
sensitive to chemical modifications. Additionally, their monovalent nature can be a
disadvantage when the triggering of biological responses is desired. The anti-InlB scFv
was also far less concentrated than polyclonal or monoclonal stocks and thus
biotinylation was more difficult. This had an effect on the reproducibility of this assay
format, whereby only intra-assay variability studies were performed. Santala and
Lamminmiki, (2004} describe an alternative method which can be used for site-specific
biotinylation of recombinant antibodies. This method uses the enzyme biotin ligase to
catalyse the attachment of a biotin to a lysine residue in specific protein substrates, which
in turn can be genetically linked to the antibody to generate a fusion protein. Enzymatic
biotinylation of the scFy molecules would therefore produce a more stable and efficiently
biotinylated complex (Sibler ez al., 1999; Cloutier et al., 2000), which could be explored

in fusure work.

4.3.4 Competitive fluorescence-based immunoassay (FIA) for the detection of InlB
in PBS, using porphyrin-labelled neutravidin as the fluorescent label

Fluorescence-based immunoassays for the detection of IniB-F3 were also developed
using an anti-IniB polyclonal antibody, with porphyrin-labelled neutravidin as the
fluorescent label. Standards of IniB-F3 were prepared in PBS ranging from 1.5 to
50,000ng/ml and mixed with an equal volume of biotinylated anti-InlB polyclonal
antibody to give a final dilution of 1/300 {Section 2.8.3). Porphyrin-labelled neutravidin

was used at a concentration of 2nM (Section 2.8.1).

Results were normalised by dividing the mean fluorescence obtained at each InlB-F3
concentration (F) by the fluorescence values determined in the presence of zero antigen
(Fo). These values {F/Fy) were plotted against the logarithm of InlB-F3 concentration
using Biaevaluation 4.0.1 software and a four-parameter equation was fitted to the data.
Figure 4.7 shows FIA inter-day calibration curve using the polyclonal antibedy for the
detection of free InIB-F3 m PBS, where the limt of detection for the competitive assay
was determined to be 87ng/ml. The limit of detection was determined as the mean of the

blank (Fp) plus 3 times the standard deviation,
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Figure 4.7a Inter-day calibration curve for competitive FIA for the detection of free IniB-
F3 in PBS using the anti-miB polyclonal anttbody and porphynin-labelled neutravidin as
the fluorescent label. Results were normalised by dividing the mean fluorescence
obtained at each InlB-F3 concentration (F) by the fluorescence values determined in the
presence of zero antigen (Fy). A lower limit of detection of 87ng/ml was determined by

calculating the mean of the blank value (Fg) plus 3 times the standard deviation.
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Figure 4.7b Residuals of Biaevaluation plot using 4-parameter equation fit for data
shown in Fig 4.7a, a competitve fluorescence-based immunoassay for the detection of

InIB-F3, using porphyrin-labelled neutravidin as label.
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Intra-assay and inter-assay vanability studies were performed to demonstrate the
reproducibility of the competitive FIA. Inter-day assay CV’s ranged from 0.71% to
3.43%, (Table 4.2).

Table 4.2. Inter-day FIA coefficient of variation (CVs) for the detection af ﬁee IniB-F3,
using 'the InlB-specific polyclonal antibody and porphyrin-labelled 'n“'eutrm'fi’difz. Three
sets of each standard were assayed over three days and the CVs calculated. Back-
calculated concentrations were determined using Biaevaluation 4.0.1 software and

expressed as a percentage of the theoretical concentrations (% recovery).

Concentration F/F, = SD CV Back calculated Recovery

(ng/mil) (%) concentration (%)

(ng/ml)

62500 0.38+0.01 3.43 5604 89
3125 0.42+0.01 1.91 3584 114
1563 0.50+0.01 1.77 1612 103
781 0.61+0.01 2.11 716 91
391 0.70£ 0:00 071 393 100
195 0.80+0.01 074 191 98

98 0.890.01 1.92 107 110
48 0.98+ 0.01 101 46 93 |

The assay was found to be accurate with the percentage recovery of back-calculated
values determined o be between 89-114% of the measured concentrations. This was in

. line with the percentage accuracies suggested by Findlay ez al. (2000).

e { 195




4.3.5 Biochip application for the detection of InlB

A novel, disposable, antibody-based bio-chip sensor was developed by the research group
led by Prof. MacCraith of the National Centre for Sensor Research (NCSR), DCU (Blue
et al., 2005; Stranik et al., 2005). This system utilises patented optical enhancement
platforms which demonstrate up to an 80-fold increase in the collection of
luminescence/fluorescence, thereby improving sensitivity. The optical enhancement

platforms used in the biochip system are illustrated in Figure 4.8.
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Figure 4.8 Optical enhancement platforms. (a) Cone-shaped structure of polymer
platform illustrating the light emission rays emitted from a surface-confined fluorophore.
(b) Anisotropic emission study showing the majority of light is waveguided at high
angles, thus enhancing captured fluorescence (c) Typical enhancement performance of
cones vs. flat surfaces showing 25-80 fold signal enhancement. (d) Image of the polymer

chip platform incorporating patented cone structures for enhanced fluorescence capture.
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The polystyrene chips are produced by micro-injection moulding and the use of enhanced
cone structures for fluorescent detection greatly increases signal amplification. Biochips
with enhanced cone structures are used as the substrate for the immobilisation of
fluorescently-labelled antibodies and antigens. The signal generated during
immunocomplex formation produces a fluorescence that can be captured using a
photomultiplier tube and CCD camera. The excitation and detection set-up employs a
laser diode as the light source, as shown in Figure 4.9. This allows biotinylated antibodies
bound to antigen on the chip surface to be traced with streptavidin-linked fluorescent
dyes. These dyes fluoresce upon excitation with a laser light and the resultant signal is

recorded with a cooled charged coupled device (CCD) camera.

Streptavidin-CyS5 label
Biotinylated antibodies bound to
immobilised antigen
Polymer chip with enhanced

= | cone structures

Excitation light provided
by laser diode
Emission filter

CCD camera for capture of
fluorescent signal

Figure 4.9 Antigen is immobilised on a polymer chip with optical enhancement
structures (cone). Biotinylated antibody binds to immobilised antigen on chip surface and
bound antibodies are traced using a streptavidin-linked fluorophore (streptavidin-Cy5).
A laser light is used to excite any bound fluorescently-labelled antibody and background
fluorescence is reduced by an optical filter. The resulting fluorescent signal is captured
using a charge coupled device (CCD) camera and the signal is monitored on a laptop

with imaging software.
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A proof of prnciple experiment was set up initially, to evaluate biomolecule
immobilisation, detection capabilities and the degree of captured fluorescence using the
CCD set-up. A simple assay vsing a biotinylated antibody spotted onto the cone surfaces
and detected with the addition of streptavidin-Cy35 was performed. Biotinylated anti-IniB
polyclonal antibody was immobilised on the surface of the polystyrene cone structures by
passive adsorption and any remaming binding sites on the biochip blocked using FPBS
containing 1% (w/v) BSA (Section 2.8.4). Following washing bound biotinylated
antibody was detected with the addition of Strep-Cy3 and the fluorescent signal generated

was captured with a cooled CCD camera. The resulting images are shown in Figure 4.10.

(A) Control Chip (B) Test Chip

Control cones — Test cones

Figure 4.10 Preliminary chip-based assay (A) Captured image of blank control chip (B)
Captured image of test chip. Biotinylated anti-InlB polyclonal antibody was immobilised
on the surface of the right hand side of the chup (test cones) while the left hand side was
left blank (control cones). Following the addition of Strep-Cy5 to the entire chip surface,

the fluorescence was captured with a CCD camera.
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The fluorescent signal from a blank chip was recorded to estimate the degree of
background fluorescence (A), where the mean fluorescent intensity (n=6) was found to be
26,983 + 2,204. The fluorescent signal was then recorded for the test chip (B); antibody
immobilised (test) cones (n=3) were calculated to have a mean fluorescent intensity of
317,630 £ 5,395, whereas the control cones (n=3} had a mean value of 31,889 + 2,457,
CVs were calculated to determine the reproducibility of spot intensities and were found
to be 1.70% and 7.71%, for the antibody mmmobilised (test cones) and contro! cones,
respectively. Normalised values (minus background fluorescence from chip A) were
therefore calculated to be 290,647 and 4,906 for the antibody immobilised and control
surfaces respectively (B).The results from Figure 4.10 showed that bound biotinylated
antibody could be detected using the CCD detection set-up, when traced with
streptavidin-Cy5.

The next step in the development of a biochip-based assay was to assess the system’s
capabilities for the detection of biotinylated antibody, bound to immobilised antigen on
the cone structures. Recombinant InlB-F3 was immobilised on the surface of the
polystyrene cone structures by passive adsorption and any remaining binding sites on the
biochip blocked using PBS containing 1% (w/v) BSA (Section 2.8.5). Following
washing, biotinylated anti-InlB polyclonal antibody was added to the chip and incubated
for 1 hour. Bound biotinylated antibody was detected with the addition of Strep-Cy5 and
the fluorescent signal generated was captured with a cooled CCD camera. The resulting

images are shown in Figure 4.11.
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(A) Control Chip (B) Test Chip

Control cones Test cones

Figure 4.11 (A) Captured image of blank control chip (B) Captured image of test chip.
IniB-F3 was immobilised on each of the six cones by passive adsorption. The chip was
then washed and blocked, as per section 2.8.6. Biotinylated anti-InlB polyclonal antibody
was spotted onto the surface of the right hand side of the chip (test cones} while the left
hand side was left blank (control cones). Following the addition of Strep-Cy5 to the

entire chip surface, the fluorescence was captured with a CCD camera.

The fluorescent signal from a blank chip was recorded to estimate the degree of
background fluorescence (A), where the mean fluorescent intensity (n=6) was found 1o be
41,447 + 2,550. The fluorescent signal was then recorded for the test chip (B); test cones
(n=3) with biotinylated anti-In!B polyclonal antibody bound to InlB-F3 and traced with
streptavidin-Cy3, were calculated to have a mean fluorescent intensity of 356,764 +
26,163, whereas the control cones (n=3) with no biotinylated antibody present, had a
mean value of 42,717 * 6,546. CVs were calculated to determine the reproducibility of
spot intensities and were found to be 7.33% and 15.32%, for the antibody immobilised
and control cones, respectively. Normalised values (minus background fluorescence from
chip A) were calculated to be 315,317 and 1,270 for the test and control surfaces,
respectively (B).
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4.4 Development of fluorescence-based immunoassays for the detection of warfarin

Anti-warfarin monoclonal antibody was previously produced by Dr. Brian Fitzpatrick
(Applied Biochemistry Group, DCU). Although extensive characterisation of the
antibody had been undertaken previously (Fitzpatrick and O’ Kennedy, 2004), a different
clone of the monoclonal antibody was selected from cryogenically frozen hybridoma
stocks. Therefore, it was deemed necessary to repeal the checkerboard ELISA for the
anti-warfarin monoclonal antibody. Supernatants from warfarin-specific antibody-
secreting hybridomas were collected for concentration and purification (Section 2.4.2.1).
The purified anti-warfarin monoclonal antibody was subsequently biotinylated (Section
2.5.2.), for use in the development of fluorescence-based immunoassays for the detection

of free warfarin.

4.4.1 Checkerboard assay to determine optimal antigen coating concentration and
biotinylated antibody dilution for assay development

A standard checkerboard ELISA was set up as described in Section 2.4.2.2 to determine
the optimal conjugate coating concentration and monoclonal antibody dilution for use in
a competitive assay. For this puorpose, anti-warfarin monoclonal antibody was
biotinylated, (Section 2.5.2.1), for use in a competitive assay and traced using an avidin-
conjugated probe (extravidin-peroxidase, Sigma). Wells of a microtitre plate were coated
with varying concentrations of warfarin-BSA and blocked with PBS containing 1% (w/v)
BSA. Varying concentrations of the biotinylated anti-warfarin-specific monoclonal
antibody were then added to the plate and the amount of bound antibody detected with
the addition of extravidin-peroxidase (Figure 4.12).
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Figure 412 Checkerboard FIA for the determination of optimal warfarin-BSA
conjugate coating concentration and biotinylated anti-warfarin monoclonal antibody
dilution for use in a competitive FIA. Varying warfarin coating concentrations ranging
from 0 - 100ug/ml and bonnylated annbody dilutions from 1/100 - 1710000 were
assayed. The amount of bound biotinylated antibody was determined using, extravidin

peroxidase conjugate at a dilution of 1/1000.

A 50pg/ml warfarin-BSA coating concentration and biotinylated antibody dilution of

17300 were chosen for use in a competitive FIA for the detection of free warfarin.
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4.4.2 Competitive fleorescence-based immunoassay (FIA) for the detection of
warfarin in PBS, using quantum dots as the fleorescent label

An anu-warfarin monoclonal antibody was used to develop a competitive assay for the
detection of free warfarin in PBS, using quantum dots as the fluorescent label (Section
2.82). A model competitive assay was developed where the biotinylated anti-warfarin
monoclonal antibody competes for binding to free warfarin in solution and immobilised
warfarin-BSA on the plate. Standards of warfarin were prepared in PBS ranging from 1.5
to 50,000ng/ml and mixed with an equal volume of biotinylated anti-warfarin antibody to
give a final dilution of 1/300 (Section 2.8.2). Quantum dots were used at a concentration
of 2o0M (Section 2.8.1)

Results were normalised by dividing the mean fluorescence obtained at each warfarin
concentration (F) by the fluorescence values determined in the presence of zero drug (Fy).
These values (F/Fp) were plotted against the logarithm of warfarin concentration using
Biaevaluation 4.0.1 software and a four-parameter equation was fitted to the data. Figure
4.13 shows the FIA inter-day calibration curve using the monocional antibody, where the
lower limit of detection for the competitive assay was determined to be 201ng/mli. This
was determined as the mean of the blank (Fp) plus 3 times the standard deviation of the
blank.
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Figure 4.13a Inter-day calibration curve for competitive FIA for the detection of free
warfarin in PBS using the anti-warfarm monoclonal antibody and quantum dots as
Sfluorescent label. Results were normalised by dividing the mean fluorescence obtained at
each warfarin concentration (F) by the fluorescence values determined in the presence of
zero drug (Fp). A Iimit of detection of 201ng/ml was determuned as the mean of the blank

value (Fy) plus three times the standard deviation of the blank.
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Figure 4.13b Residuals of Biaevaluation plot using 4-parameter equation fit for the dara
shown in Figure 4.13a, a competinve fluorescence—based immunoassay for the detection

of free warfarin, using quantum dots as label.
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Inter-assay variability studies were performed to demonstrate the reproducibility of the
competitive FIA for the detection of warfarin, using quantum dots as the fluorescent

label. Inter-day assay CV’s ranged from 1.36% to 9.90%, (Table 4.3).

Table 4.3 Inter-day FIA coefficient of variation (CVs) for the detection of free warfarmn
using the warfarin-specific monoclonal antibody and quantum dots. Three sets of each
standard were assayed over three days and the CVs calculated Back-calculated
concentrations were determined using Buevaluation 4.0.1 software and expressed as a

percentage of the theoretical concentrations (% recovery).

Concentration F/F, + 8D Cv Back calculated Recovery
(ng/ml) (%) concentration (%)
(ng/ml)

6250 0 38+001 3.41 6413 102
3125 044+ 0.04 9.90 2975 95
1563 0.51+0.01 1.36 1597 102
781 0.61+0.02 343 792 101
391 0.72+£0.02 3.20 403 103
195 0.84+ 0.07 8.60 168 85

The assay was found to be accurate with the percentage recovery of back-calculated
values determined to be between 85-103% of the measured concentrations. This was in

line with the percentage accuracies suggested by Findlay er al. (2000).
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4.4.3 Competitive fluorescence-based immunoassay (FIA) for the detection of
warfarin in PBS, using porphyrin-labelled neutravidin as the fluorescent label

The anti-warfarin monoclonal antibody was used to develop a competitive assay for the
detection of free warfarin in PBS, using porphyrin-labelled neutravidin as the fluorescent
label (Section 2.8.3). A model competitive assay was developed where the biotinylated
anti-warfarin monoclonal antibody competes for binding to free warfarin in solution and
mmmobilised Warfarin-BSA on the plate. Standards of warfarin were prepared in PBS
ranging from 1.5 to 50,000ng/ml and mixed with an equal volume of biotinylated anti-
warfarin antibody to give a final dilution of 1/300. Porphyrin-labelled neutravidin was

used at a concentration of 20M (Section 2.8.1) as determined by conjugate titre.

Results were normalised by dividing the mean fluorescence obtained at each warfarin
concentration (F) by the fluorescence values determined in the presence of zero drug (Fy).
These values (F/Fp) were plotted against the logarithm of warfarin concentration using
Biaevaluation 4.0.1 software and a four-parameter equation was fitted to the data. Figure
4.14 shows the FIA inter-day calibration curve using the monoclonal antibody, where the
lower limit of detection for the competitive assay was determined to be 228ng/ml using
the three sigma method as before, whereby the limit of detection is calculated as the mean
value of blank sample (Fy ) plus 3 standard deviations.
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Figure 4.14a Inter-day cahibration curve for competitive FIA for the detection of free warfarin
i PBS using the antt-warfarn monoclonal antibody and porphyrin-labelled neutravidin
Sluorescent label. Results were normalised by dividing the mean fluorescence oblamed at
each warfarin concentration (F) by the fluorescence values determined in the presence of
zero drug (Fp). A limit of detection of 228 ng/ml was determined as the mearn of the blank

value (Fg) plus three times the standard deviation of the blank.
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Figure 4.14b Residuals of Biaevaluation plot using 4-parameter equation fit for data
shown in Figure 4.14a, a compenitive fluorescence-based immunoassay for the detection

of free warfarin, usmg porphyrm-labelled neutravidin as the fluorescent label.
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Inter-assay variability studies were performed to demonstrate the reproducibility of the
competitive FIA. Inter-day assay CV’s ranged from and 0.40 to 14.54%, (Table 4.4). The
assay was found to significantly less accurate than the quantum dot-based assay for the

detection of warfarin (Section 4.4.2).

Table 4.4 Inter-day FIA coefficient of variation (CVs) for the detection of free warfarin
using the warfarin-specific monoclonal antibody and porphyrin-labelled neutravidin.
Three sets of each standard were assayed over three days and the CVs calculated. Back-
calculated concentrations were determined using Biaevaluation 4.0.1 software and

expressed as a percentage of the theoretical concentrations (% recovery).

Concentration F/F, £ 8SD CV Back Recovery
(ng/ml) (%) calculated (%)
concentration
(ng/ml)

50000 0.15+0.01 9.20 48539 97

25000 0.17+ 0.00 0.57 27413 109

12500 022+0.03 14.54 9818 78
6250 0.26+0.03 12.15 6246 99
3125 0.28+ (.03 8.86 3879 124
1563 0.34+0.04 11.30 1958 125
781 0 45+ 0.03 5.50 577 73
n 049+ 000 040 402 103
195 0.58+0.08 12.93 193 98

Back-calculated values were found to be within 78-125% of the measured concentrations,
which js at the far end of the limits suggested by Findlay et al. (2000) which states that

the values should lie within + 25% accuracy.
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4.5 Immunostaining of Listeria monocytogenes cells

Quantum dots were successfully used as a suitable label for fluorescence-based
immunoassay for the detection of InlB (Section 4.2}, and so their applicability as reagents
for immunostaining were also investigated. Quantum dots conjugates were used to stain
bacterial cells immobilised on treated glass slides. Immunostaining of Listeria
monocytogenes whole cells using quantum dots was compared to other more traditional
probes such as Cy5 and FITC. L monocytogenes cells employ surface bound proteins
known as Internalins to promote invasion into host cell, with Internalin A (InlA) and
Internalin B (InlB) being the best characterised. The use of the Internalin B fragments
and associated antibodies for epitope mapping and subsequent development of
fluorescence-based immunoassays was described earlier (Section 4.2). However,
Internalin A protein is more readily accessible on the cell surface and therefore it is more
suitable for immunostaining applications. A monoclonal antibody directed against InlA
(Hearty et al., 2006) was used for the specific and non-specific immunostaimng of whole
cells (Section 2.10.3). The antibody was biotinylated as before (Section 2.5.2.1). Listeria
monocytogenes and Bacillus cereus whole cells were investigated, with the Bacillus cells
used as a negative control. The fluorescent signal was captured using a Nikon fluorescent
mucroscope and 12-bit cooled QICAM fast monochromatic camera (Section 2.10.4) with

suitabje optical filters for the sensitive detection of the fluorescent labels.

The multicolour sensitivity and stability of quantum dots makes them ideal for the
analysis of complex samples for histology, pathology and cytology in immunostaining
applications. Quantum dots are similar in size to organic dyes so can be substituted for
current fluorescent techniques. The immunolabelling of Listeria monocytogenes for
fluorescent detection with quantum dots was carried out in collaboration with industrial
partners (Slidepath Ltd.,, DCU) who have access to sophisticated image analysis
equipment and software. Glutaraldehyde (Seveus et al., 1994) was used to fix Listeria
monocytogenes whole cells on Poly-1-Lysine treated glass slides (Section 2.10.1). The
cells were then incubated with previously biotinylated anti-In]A monoclonal antibody and
traced using a range of streptavidin-conjugated fluorescent probes. The resulting labelled
cells were imaged using a fluorescent microscope with monochrome camera and Image
Pro™ Software (Figures 4.15-4.17).
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Figure 4.15 clearly show the use of streptavidin-linked guantum dots and a biotinylated

anti-lnlA monoclonal antibody for the imaging of whole L. monocytogenes cells.

(A) ®)

Figure 4.15 Use of anti-InlA antibody-linked red light-enutting quantum dots (605nm),
Jor the visualisation of L. monocytogenes cells on poly-L-lysine-treated glass slides. The

images show different dilutions of L._monocvtogenes cells, fixed with glutaraldehyde,

immunostained and visualised under fliiorescence ar a total magnification of 400x. (A)

1710 duution of L. monocytogenes cells and (B) 1/25 dilution of L. monocytogenes cells.

Figure 4.15 (A) & (B) clearly emphasise the suitability of quantum dots for the
immunostaining of bacterial cells. The specificity of the biotinylated anti-InlA antibody
in targeting the cell surface protein InlA is evident in the clear staining of the cell wall of
the L. monocytogenes cells, as shown particularly in figure 4,16 (B) where a more dilute
concentration of cells was fixed to the glass slide using glutaraldehyde. The strong
affinity between the biotinylated antibody which targets the cell wall protein, InlA, and

the streptavidin linked quantum dots gives a clear image of the immunostained cell.
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In order to evaluate quantum dots as a superior fluorescent label for immunostaining, the
use of avidin-FITC and streptavidin-Cy5 (iraditional organic probes) was also
investigated. The use of these fluorescent tracers as immunostaimmg probes gave lower
quality results whereby the images were more blurred and less bright. Figure 4.16 (A) &

(B) show the immunostaining of L. monocytogenes cells with FITC and Cy5 probes.

(A) Avidin-FITC Stain (B) Streptavidin-Cy5 Stain

Figure 4.16 (A) Anntbody-linked avidin-FITC immunostaining of L. monocytogenes cells

on poly-L-lysine treated glass slide. (B) Antibody linked streptavidin-Cy5 immunostain of

L. _monocytogenes cells on poly-L-lysine treated glass slides. The image shows L.

monocytogenes cells fixed with glutaraldehyde, immunostained and visualised under

fluorescence at a total magnification of 400x.

Bactllus cereus 15 an endemic, soil-dwelhng, Gram-positive, rod shaped, beta haemolytic
bacterium that causes foodborne illness. Generally speaking, Bacillus foodbome ilinesses
occur due to survival of the bacterial spores when food is improperly cooked, which is
further compounded with the storage of food at unsuitable temperatures. Bacterial growth
results in production of enterotoxin, and ingestion causes diarrhoea. It is similar in
structure and mode of action to L. monocytogenes and for these reasons was chosen as the
control cells in these expernments. Cells were stained in exactly the same was as L.
monocytogenes cells (Section 2.10.3) using a biotinylated anti-InlA monoclonal antibody

and avidin-conjugated fluorescent probes. Since InlA 1s not a cell surface protein of B.
cereus, InlA can be used as a negative control for these investigations (Figure 4.17).
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(A) Streptavidin-Qdot Stain (B) Brightfield view of fixed cells

Figure 4.17 (A) Antibody-linked streptavidin-Qdot vmmunostain of B. cereus cells on
poly-l-lysine treated glass slide. The mmage shows B, cereus fixed with glutaraldehyde,
ummunostained with biotinylated anti-InlA antibody and streptavidin-linked quantum
dots. The cells were visualised under fluorescence at a total magnification of 400x
(negative control). (B) Bright field view of B._cereus cells on glass slides fixed with

glutaraldehyde and visualised at a total magnification of 400x

From Figure 4.17 (A) & (B) it is evident that the anti-InlA antibody did not specifically
target any cell surface protein in B. cereus and so the cells were not stained when
streptavidin-linked quantum dots were added to the slide. The B. cereus cells could
therefore be used as a negative control to show that the anti-InlA antibody was only
specific for L. monocytogenes cell surface protein InlA and therefore conld be used for

the specific immunostaining of L. monocytogenes cells using quantum dots.
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4.6 Development and characterisation of ruthenium dye-doped nanoparticles

Luminescence-based methodologies are widely employed throughout the biological and
chemical sensor areas. However, autofluorescence arising from the system detection
platform or the matrix can often causes interference, thus preventing the achievement of
lower detection limits. Ruthenium complexes are designed specifically to have long
fluorescence life-times close to 500 nanoseconds. These labels are laser-excitable metal
ligand complexes and can be used to label amines on biomolecules under mild
conditions. Labeling of proteins with ruthepium is via a ruthemum-activated ester for
acylation of amino acid side chains. The main advantages of ruthenium-based dyes as
protein-labels include high photostability, good water solubility, a2 lack of dye-dye
interactions and large Stokes shifts. In addition, the fluorescence signal of long-lived
flnorophores such as ruthemum can be gated to eliminate the emission from short-life-
time fluorophores and autofluorescence from cells and biomolecules to further improve
sensttivaty (Castellano et al., 1998). The optical properties of ruthenium dyes have an
excitation maximum at 453nm and an emussion maximurn at 618nm. The structure of the

ruthemum NHS ester for antibody labelling is shown in Figure 4.18

PFﬁi

Yigure 4.18 Structure of Ruthenium-NHS ester used for antibody labelling (Fluka,
product number 96632, Bis(2,2°-bipyridine)-4,4’-dicarboxybipyridine-ruthenium-di-(N-

succinimidyl-ester)bis(hexafluorophosphate).
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The work described in this thesis focused on three main target analytes, namely the L,
monocytogenes cell surface profein InlB, the anti-coagulant warfarin and the Parvovirus
B19 capsid protein, VP2. Initially it was proposed to use In!B protein fragment F3 and its
associated polyclonal antibody for the characterisation and investigation of ruthenium
dye-doped nanoparucies in fluorescence-based immunoassays. However, since the work
involved in nanoparticle synthesis and characterisation employed completely new
technologies and methods a large amount of antibody was required for the optimisation

of numerous conjugations and assay parameters. Therefore, it was proposed to employ a
‘ cheap commercially available antibody-antigen pair for all nanopartic]e-bésed assay
development, since the anti-InlB polyclonal antibody was in short supply and so the
selected analyte for nanoparticle studies was human IgG (hlgG).

Ruthenium-NHS (Figure 4.18) was conjugated to anti-hIgG polyclonal antibody (Section
2.5.3) for use in fluorescence-based immunoassays for the detection of hIgG. The
development and optimisation of a solid-phase fluorescence-based immunocassay using a
labelled antibody-ruthenium conjugate was then compared to antibody-conjugated
ruthenium dye-doped nanoparticles in a sandwich assay format. (Lian ef al., 2004). The
use of nanoparticles to improve the performance and sensitivity of immunoassays is an
emerging technology. Seydack (2005) described the use of nanoparticles in
immunoassays resulting in improved detection limits, multiplexing of assays, reduction in
photobleaching, signal amplification and improved sensitivity. In the work described in
this thesis, ruthenium dye-doped nanoparticles were fabricated in association with Dr.
Robert Nooney, Biomedical Diagnostics Institute (BDI) in Dublin City University for use
as fluorescent tags in novel immunoassay formats. Here, the preparation and
characterisation of ruthenium dye-doped nanoparticles is discussed and their application

in solid-phase applications demonstrated.
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4.6.1 Ruthenium-antibody conjugation

Ru-NHS is a functionalised succinimidyl ester of ruthenium that reacis with primary
amines to form stable dye-protein conjugates. The NHS ester labelling reaction proceeds
rapidly at slightly alkaline pH values resulting in a stable amide-linked derivative.
Sodium bicarbonate buffer (Table 2.4) was determined to be the optimal buffer for
ruthenium labelling of antibodies. This was established by performing a number of
conjugation reactions with various buffers and comparing conjugate activity by titration.
Ruthenium-NHS was conjugated to the anti-higG polyclonal antibody (Section 2.5.3).
Unreacted dye was removed from the antibody-dye conjugate by gel filtration or dialysis
and the conjugate concentration and dye/protein ratio were calculated

spectrophotometrically.

4.6.1.1 Direct detection of hlgG: using ruthenivm labelied anti-homan IgG

Human IgG was physically adsorbed onto the polystyrene plate surface. Immunoassays
were established in the traditional manner with blocking and washing steps included. The
performance of the ruthemmm-antibody conjugate was assessed via traditional
fluorescence-based immunoassay, for subsequent comparison with panoparticles. Anti-
human 1gG was labelled with Ru-NHS (Section 2.5.3). The conjugate concentration was
determined spectrophotometrically as 1.7mg/ml and dye/protein ratio calculated to be 2.7
(using equations 2.1 and 2.2, Section 2.5.3) To demcnstrate proof of principle that the
ruthenium antibody remained active post-conjugation, a plate was coated with human
I2G (5pg/ml) and subsequently blocked with PBS containing 1% (w/v) BSA to prevent
pon-specific binding. The ruthemum-labelled anti-human antibody was diluted in PBS
(1/2-1/512) and added to the plate. After one hour the amount of bound fluorescently-
conjugated antibody was determined by reading at optimal excitation (453nm) and
emission (618nm) wavelengths. The fluorescent signal generated was normalised against

a zero control, where no fluorescent material was added to the well (Figure 4.19).
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Figure 4.19 Fluorescent response of ruthenuum conjugated anti-human IgG in solid-
phase direct binding assay. The fluorescent response was normalised against the

background fluorescence and the normalised response plotted (NFRU ).

Figure 4.19 shows the use of ruthenium-labeled anti-hIgG in a direct binding format with
mmobilised hlgG, demonstrating that the labelled antibody retamned antigen-binding
functionality post-conjugation. This conjugate would be directly compared to ruthenium
dye-doped nanoparticle-antibody conjugates, in a sandwich assay format for the detection
of hlgG, to determine the advantages of nanoparticles as detection moieties for increased

assay sensitivity.
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4.6.2 Nanoparticle synthesis and characterisation

Nanoparticles are microscopic particles with at least one dimension of less than 100 nm.
Nanoparticle research is currently an area of intense interest, due to a wide variety of
potential applications in biomedical, optical, and electronic fields. Many materials have
been investigated for the fabrication of nanoparticle probes and these include
semiconductor nanocrystals (Matoussi et al., 2000), metals such gold or silver,
(Schneider er al., 2000), polystyrene latex (Sun ef al., 2004) and dye doped silica (Santra
et al,, 2000). Sihica shell dye-doped nanoparticles have a number of advantages over
conventional fluorescent labels in that they are inherently brighter than their constituent
dye, the silica surface displays an easily modifiable chemistry for attachment of
biomolecules and the fabrication of such particles is both reproducible and robust. Silica
nanoparticles have been successfuily utibsed in both bioseparation and bioanalysis
applications. The fabrication and use of these ultrasensitive labels in flvorescence-based

immunoassays 1s described here.

Ruthenium dye-doped high-brightness nanoparticles were synthesised in association with
Dr. Robert Nooney, Biomedical Diagnostics Institute (BDI) as described 1n Section 2.7.
Modification of the synthesised nanoparticles for antibody conjugation was investigated
for use in fluorescence-based mmmunoassays for the detection human IgG. A reverse
microemulsion technique adapted from the methods described by Santra et al. (2001),
Quoboshene et al. (2001) and Tan® er al. (2004) was used for nanoparticle synthesis
(Section 2.7.1). The main advantages of dye-doped nanoparticles for immunoassays are
stability, brightness and ease of functionalisation for bioconjugation. Fabrication by
microemulsion, whereby the dye is encapsulated within a silica matrix provides good
photostability, since oxygen is excluded by the silica encapsulation. The microemulsion
method is both isotropic and thermodynamically stable (W ang" et al, 2004).
Nanodroplets of water form in the bulk-oil phase, which acts as a confined medium for
discrete particle formation. The microemulsion yields monodispersed and highly oniform

nanoparticles, but takes 24-48 hours to complete.
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After the initial microemulsion stage, the nanoparticle surface is subsequently
functionalised for teraction with target molecules for biological applications. However,
prior to functionalisation the nanoparticles were characterised using fluorescence analysis
for calculation of enhancement effects, transmission electron microscopy (TEM) for
concentration and size determination and dynamic light scattering analysis to measure the

Zeta potential of the particles.

4.6.2.1 Caleulation of enhancement effects of dye-doped nanoparticles

A study of the relative brightness of ruthenium dye-doped nanoparticles and a
comparison with the brightness of a single dye molecule was performed to calculate the
flucrescent enhancement effects of dye-doped nanoparticles, A known mass of dried
ruthemum dye-doped sitica NPs (60 nm in diameter) were dispersed in ultra pure water®.
The particles remained aggregated due to cross hinking. Therefore, NaOH was added to
dissolve the silica and free the dye. A fluorescence study was then performed on the freed
dye and compared against a series of dilutions of pure Ru(bpy)sCl; in solution phase. The
emission profile {between 500-800nm) of 60nm silica nanoparticles was compared to
pure dye. Ru(bpy);Cl,. The pure dye conceniration was 0.5x10° moll1 and the

nanoparticle concentration was calculated as 107 °mol/], using equations 4.1- 4.3.

Equation 4.1 Volume of sphere cm’= 4
3
where 1 = radius of the nanoparticles

Equation 4.2 Mass (g/)=PxV
where P = density of nanoparticle (silica is 2.6g/ cm®)and V = volume of nanoparticles
Equation 4.3 Number of moV1 = mass x Ny

where N = Avogadro's Constant (6.0221415 x 10* mol-1)

Based on these values the relative brightness of the nanoparticles was calculated to be
39.000 times brighter that the constituent ruthenium dye. Figure 4.20 shows the emission
spectra of the nanoparticles and ruthenium dye between 500-800nm.
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Figure 4.20 Comparison of emission spectra of ruthenium dve-doped silica nanoparticles
and constituent dye Ru(bpv);Cl; for calculation of enhancement effect. The nanoparticles
were determined to be approximately 39,000 times brighter than the ruthenium dye, used

to dope the particles.

The enhancement effect of the nanoparticles can be calculated by determining the relative
fluorescent intensity of a knmown conceptration of both the rutheniom dye-doped
nanoparticles and their constituent dye. A scan of the emission spectra between 500 and
800nm was performed and the resultant fluorescent response plotted for both the
nanoparticles (concentration 107° mol/I) and the ruthenium dye (concentration 0.5 x 107
moll). By calculating the relative intensity of a single mole of nanoparticle and
comparing this with the relative intensity of a single mole of dye, an enhancement ratio
can be determined. Based on these data, the nanoparticies are approximately 39,000 times
brighter than ruthenium dye.

* Please not that due to the proprietary nature of these methods (BDI, DCU) details on
actual volumes and experimental conditions cannot be given. The methods used were

adapted from Santra et al. (2001), Qhobosheane et al. (2001) and Tan® et al. (2004).
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Transmission electron microscopy (TEM) analysis was also performed to determine the

actual size and concentration of the particles (Figure 4.21).

Figure 4.21 Transmission electron microscopy (TEM) micrograph of the fugh brightness
ruthenium dye-doped nanoparticles. Assuming a particle size of 00nm % 2nm and a mass
of 2 mg/ml, the number of particles/ml was determined as 7.36 x 10” and the

concentration of nanoparticles was 1.22°® moi/l (Scale =100nm).

Santra et af. (2001) described aggregation issues with dye-doped silica nanoparticles
formed by microemulsion. In correlation with these findings, aggregation problems were
observed, which altered the actual size of the particles. Dynamic light scattering analysis
was performed (by BDI collaborators) to measure the zeta potential of the aggregating
particles and the actual zeta potential determined as 19.7 mV. This potential is below 20
mV which is commonly thought of as the threshold for stable nanoparticles (T an” ef al.,
2004). The low surface potential could have contributed to the aggregation of the

nanoparticles and so addition of a protecting group, was required.

To reduce aggregation of the dye-doped nanoparticles, 3-(trihydroxysilyl) propyi-methyl
phosphonate, monosodium salt was added particles (Section 2.7.1). NaOH was then
added to dissolve the silica and free the dye. A fluorescence study was performed on the
freed dye and compared against a series of dilutions of pure Ru(bpy)sCl: in solution
phase. The results of the fluorescence study were as follows. Nanoparticles and
ruthenium dye were diluted to a concentration of 1x10° mol/l in ultra pure water and the

fluorescence measured. The relative mtensity of the dye was determined to be 3578 at

220



this concentration while the nanoparticles gave a value of 6.58 x 10’. The ratio of
brightness and therefore enhancement was approximately 18,381. These nanoparticles
were less bright than those 1n Figure 4.20 for two reasons. Firstly, addition of protecting
groups essentially reduces the ability of the nanoparticles to collide with other particles
and secondly, the release of ruthenium dye from the silica matrx reduces its fluorescence
as quenching by oxygen in the atmosphere can occur (Bagwe ef al., 2006). Figure 4.22
shows a TEM micrograph of the nanoparticles with THPMP and APTES added.

Figure 4.22 Transmission electron microscopy (TEM) micrograph of the high brighiness
ruthenium dye-doped nanoparticles with protecting groups THPMP and APTES added.
The average particle size was calculated as 77.9nm 5.09 nm (Scale = 100nm).

Dynamic light scattering analysis showed that the diameter of the nanoparticles with the
protecting groups THPMP and APTES added was 93.2 nm and the surface zeta potential
was calculated to be 36.4 mV. The TEM analysis values are smaller than those obtained
from dynamic light scattering analysis, since it includes the hydrodynamic radius which
is the shell of solvating water molecules that move around with the nanoparticles. After
the addition of glutaraldehyde and antibody (anti-human IgG) the particle size rose to
102nm.
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4.6.2,2 Antibody conjugation to ruthenium dye-doped nanoparticles

The surface modification of ruthenium dye-doped nanoparticles for biomolecule
attachment was a two-fold process. Silica is easy to modify using a number of methods
such as NHS activation, silanisation, carboxyl modification (Lian et al., 2004). In this
case, ammopropylirimethoxysilane (APTES) modification {(Section 2.7.1) was used to
add amino groups to the silica shell. This was followed by glutaraldehyde crosslinking
for antibody attachment. This method has been extensively used by many authors for
biomoiecule conjugation to amine modified surface (Nakanishi et al, 1996; Hermanson,
1996).

Modification of the protocols described by Santra ef al. (2001), Smith et al. (2006) and
Tan® ef al. (2004) was undertaken to optimise biomolecule attachment. High-brightness
ruthenium dye-doped nanoparticles were conjugated to polyclonal anti-hIgG antibody as
described in Section 2.7.2. The antibody-modified particles were centrifuged at 20,000 x
¢ and then resuspended m 0.1M phosphate buffer (1ml) containing 0.2% (w/v) BSA and
0.02% (v/v) NaN3 and stored at 4 °C for used in fluorescence-based immunoassays for

the detection of human [gG.
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4.6.3 Nanoparticles as fluorescent labels for use in immunoassays

4.6.3.1 Titre of nanoparticle-antibody conjugate

A number of anti-human IgG antibody-nanoparticle conjugates were prepared using
differing ratios of glutaraldehyde and BSA for biomolecule crosslinking to ammo-
functionalised particles. Each conjugate was titrated against immobilised human IeG
(5pg) and the fluorescent response measured (Section 2.7.3.2) using a Tecan Safire’
mnonochomator-based microplate reader, with excitation at 453nm and emission at
618nm, (Figure 4.23).

40000 - NP conjugates with differing
Glutaraldehyde/BSA ratios
35000 -
—o— NP1
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Figure 4.23 Fluorescent response of anti-human IgG-nanoparticle conjugates in a solid-
phase direct binding assay, titrated against immobilised human IgG, for selection gf
optimal antibody-nanoparticle conjugate. The antibody-nanoparticle (Ab-NFP) conjugates
were prepared using varying ratios of glutaraldehyde-BSA for antibody crosslinking. The
Jluorescent response from each conjugate was plotted against conjugate dilution (1/10-

1/1024).
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Dafferent ratios of glutaraldehyde-BSA were used for antibody conjugation; the sample
which gave the highest fluorescent signal was selected for further assay development.
This synthesis of this antibody-nanoparticle conjugate did not utilise any BSA and had
glutaraldehyde at a final concentration of 0.1% (v/v), as per Section 2.7.2.

4.6.3.2 Sandwich assay for the detection of hIgG using ruthenivm dye-doped
nanoparticles and ruthenium dye as fluorescent lahel

The anti-human IgG antibody-nanoparticie conjugate was compared to ruthenium labeled
anti-human IgG using a fluerescence-based sandwich assay. A black Flucronunc™ 96-
well microtitre plate was coated with anti-human IgG (Spg) and the assay performed as
described in Section 2.7.3.2. Free human IgG dilutions, ranging from 0.005 - 500,000
ng/ml were prepared in PBS containing 0.1% (w/v) BSA and added to the plate in
triplicate. Bound antigen was subsequently detected using anti-hIgG-conjugated
nanoparticles and rutheninm labeled anti-human IgG (both previously diluted to 1/100).
The plate was incubated at 37°C for 1 hour and washed as before. Following the wash
step, the fluorescent response was determined using a Tecan Safire® monochomator-
based microplate rcader, with excitation at 453nm and emission at 618nm. The
fluorescent response was normalized against a zero control (blank well containing no
fluorescent molecules) and the normalised fluorescence plotted against the logarithm of

human IgG concentration in ng/ml.

Figure 4.24 shows the calibration curve for a fluorescence-based sandwich assay for the
detection of hIgG. Three sets of each standard were assayed over two days and the CVs
calculated. CVs of between 0.41-7.60% and 0.36-4.73% were determined for the

ruthenium nanoparticle assay and ruthenium dye assay, respectively.
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Figure 4.24 Fluorescence-based detection of human IgG in PBS, using a sandwich assay
Jormat. Both an anti-human IgG antibody-nanoparticle conjugate (RuNP) and ruthenium
labeled anti-human IgG (RuNHS) were used for the detection of higG. The fluorescent
response of each conjugate was normalised against a zero control (blank well containing
no fluorescent molecules) and the normalised fluorescence (NFRU) plotted againsi the
logarithm of human IgG concentratton (ng/ml), for direct comparison of assay
sensitivines. (A) Graph depicting the normalised fluorescent response vs. higG
concentration using both the antibody-nanoparticle conjugate and ruthenium-labelled
antibody for detection. (B) Graph depicting the normalised fluorescent response vs. higG

concentration usi'ng the ruthenium-labelled antibody for detection (enlarged for clarity).
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The assays were repeated twice and data fitted to a 4 parameter equation using
Biaevaluaton™ software. A calibration curve was constructed for determination of the
lower limit of detection (mean value of the blank plus 3 times the standard deviation) of
hlgG in a sandwich assay format for both the nanoparticle and ruthenium dye-antibody
conjugates. Using ruthenium dye-doped nanoparticles as flucrescent label, a lower limit
of detection of 1.3 pg/ml was calcuiated. Figure 4.25 shows the calibration curve for the
fluorescence-based detection of hlgG using ruthenivum dye-doped nanoparticles as

fluorescent label.
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Figure 4.25 Calibration curve for the fluorescence-based detection of hlgG using
ruthenium dye-doped nanoparticles as fluorescent label. The lower limit of detection was
determined to be 0.0013ng/ml (1.3pg/ml) calculated from the mean value of the blank
plus 3 times the standard deviation. The fluorescent response was normalised against a
zero control (blank well containing no fluorescent molecules) and the normalised

fluorescence (NFRU) plotted against the logarithm of human IgG concentration (ng/ml).
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The same analysis was performed for the assay incorporating ruthenium dye as the
fluorescent label, for direct comparison of assay sensitivities. The assay was repeated
twice and data fitted to a 4 parameter equation using Biaevaluation™ software. A
calibration curve was constructed for determunation of the lower limit of detection (mean
value of the blank plus 3 times the standard deviation) for the detection of hIgG using
ruthenium dye as fluorescent label and a lower limit of detection of 84 pg/ml was
determined. Figure 4.26 shows the calibration curve for the fluorescence-based detection

of hIgG using ruthenium dye as fluorescent 1abel.
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Figore 4.26 Calibration curve for the fluorescence-based detection of higG using
ruthenium-dye as fluorescent label. The lower limit of detection was determined to be
0.084ng/mi (84pg/mil) calculated from the mean value of the blank plus 3 times the
standard deviation. The fluorescent response was normalised against a zero control
{biank well containing no fluorescent molecules) and the normalised fluorescence

(NFRU) plotted against the logarithm of human IgG concentration (ng/ml).
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Fluorescence-based detection of higG uvsing ruthenium dye-doped nanoparticles as the
fluorescent label was approximately 60 times more sensitive than detection with pure
ruthenium dye. This demonstrates the potential use of dye-doped nanoparticles in
mmunoassay development, whereby the limitations (photobleaching, gquenching)
associated with the use of organic dyes could be overcome. Doping of highly functional
nanoparticles that are easily modified for biomolecule attachment, with fluorescent dye

molecules allows development of immunoassays with enhanced sensitivities.
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4.7 Pevelopment of immunoassays for the detection of Parvovirus B19

In conjunction with industrial partners at Biotrin International Ltd. (Dublin, Ireland), a
series of assays were developed, comparing various methods for the detection of
Parvovirus B19. Commercial antibodies and a recombinant capsid protein (VP2), specific
for Parvovirus B19 were donated by the research pariners at Biotrin for assay
development. A standard ELISA-based antigen capture assay, previously developed at
Biotrin Ltd. was used as the model system. A recombinant VP2 structural protein was
added to antibody-coated wells of a microtitre plate and subsequently detected with an
anti-Parvovirus B19 enzyme conjugated antibody. This assay detects antigen in viraemic
plasma at 10° genome equivalents/ml and is sensitive to approximately 10pg/ml of
recombinant antigen (Doyle er al, 2000). Tluorescence and luminescence-based
detection methods were investigated for the same antigen capture assay for the detection
of Parvovirus B19. Comparative studies were performed between the three methods and

sensitivity, reproducibility and specificity assessed.

The main aim of validating these detection methods in solid phase plate-based assays was
to transfer the assay for the detection of Parvovires B19 onto enhanced cone platforms. In
order to assess the suitability of Parvovirus detection on cone platforms, initially plate-
based comparative studies were performed, investigating fluorescence and
chemiluminescence-based detection and comparing these methods to the existing ELISA-
based strategy. Reagents, antibodies and antigens* were supplied by Biotrin for use in a
96-well plate format and subsequently transferred to chip-based platforms. The chips
utilised for this project, were the novel luminescence enhancement platforms designed
and fabricated by NCSR researchers, previously described for the detection of InlB
(Section 4.3).

* Please note that due the proprietary nature of the commercial reagents provided by the
industrial pariners (Biotrin International Lid., Dublin) all buffer and reagent
formulations have been omitted. These reagents are referred to only by generic terms
(low pH diluent, blocking solution, and enzyme conjugate diluent) on the request of the

industrial parters, Biotrin International Lid,
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In order to evaluate the suitability of the cone structures for the development of chip-
based assays for the detection of Parvovirus B19, a number of immgobilisation strategies
were first investigated. These immobilisation approaches were performed on both cone
and planar surfaces and included passive adsorption, silanisation on indium tin oxide
(ITO), plasma-enhancement via sputtering and glutaraldehyde activated cross-linking.
Each method was investigated with immobilised horseradish peroxidase (HRP). Finally,
the anti-VP2 antibody was immobilised on the cone structures using the best method for
attachment and the optical enhancement generated from the immobihsed

immunoreagents was assessed.

4.7.1 Enzyme-linked immunoserbent assay for the detection of Parvovirus B19

An ELISA-based assay for the detection of Parvovirus B19 was investigated to see if
limits of detection achieved by Biotrin researchers could be reproduced. A microtitre
plate was coated with 4 pg/ml of coating antibody (anti-VP2 capiure antibody from
Parvovirus B19) and incubated (Section 2.9.1). Recombinant VP2 capsid protein
dilutions were prepared in low pH sample diluent in concentrations ranging from 1pg —
10 pg/ml. Bound antigen was subsequently detected using horse-radish peroxidase-
iabelled anti-VP2 antibody with TMB as substrate (Figure 4.27).

HRP-conjugated anti-VP2 antibody

Recombinant VP2 capsid

protein
YAnﬁ-VPz capture antibody

Figare 4.27 Schematic showing solid-phase assay format for the ELISA-based deteciion

of Parvovirus BI9 capsid protein VP2. An anti-VP2 antibody is used in a sandwich assay
Jormat to capture varying amounts of recombinant VP2 capsid protein. Bound protein is
detected using @ HRP-conjugated anti-VP2 antibody, which is subsequently traced using
TMB substrate.
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Normalised Abserhance @ 450nm

Residuals

Figure 4.28 shows the calibration curve for an ELISA-based sandwich assay for the
detection of Parvovirus B9 capsid protein VP2. Three sets of each standard were assayed
over three days and the CVs calculated. CVs of between (.44-18.66% were found.
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Figure 4.28 Calibration curve for ELISA-based detection of Parvovirus B19 VP2 capsid
protein in PBS using a sandwich assay format. Restduals of Biaevaluation plot using 4-
parameter equation fit for data are also shown. The lower Imit of detection was

determined to be 3 pg/ml, (mean value of the blank plus 3 times the standard deviation).
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A lower limit of detection of 3 pg/ml for Parvovirus B19 capsid protein VP2 was
calculated as the mean value of the blank (sample containing no VP2 capsid protein) plus
3 times the standard deviation of the blank. This was lower than the detection limit
achieved by the Biotrin assay (10pg/ml) and suggested successful replication of the
ELISA-based sandwich assay for the detection of VP2. The next step was to investigate
the sensitivity and reproducibility of the VP2 assay using fluorescence and
chemiluminescence-based detection methods. An avidin-FITC label was chosen for the
fluorescence-based assay, while a Iuminol substrate was used for chemiluminescence-
based detection of VP2, Optimisation of the assay using both fluorescence and
chemiluminescence-based detection would allow transfer of the assay to chip format,

which was the overall aim of the collaboration.

4.7.2 Fluorescence-based immunoassay for the detection of Parvovirus B19

A fluorescence-based immunoassay (FIA) for the detection of Parvovirus B19 was
investigated. A microtitre plate was coated with 4 pg/ml of coating antibody (anti-VP2
capture antibody from Parvovirus B19) and incubated (Section 2.9.2). Recombinant VP2
capsid protein dilutions were prepared in low pH sample diluent (proprietary) in
concentrations ranging from 1 pg — 10 ug/ml. Bound antigen was subsequently detected
using biotin-labelled anti-VP2 antibody and avidin-FTTC (Figure 4.29).

Avidin-linked FITC

B,

i Biotin-conjugated anti-VP2 antibody

Recombinant VP2 capsid
protein

Anti-VP2 capture antibody

Figure 4.29 Schematic showing solid-phase assay format for the ELISA-based detection
of Parvovirus BI9 capsid protein VP2. An anti-VP2 antibody is used in a sandwich assay
format to capture varying amounts of recombinant VP2 capsid protein. Bound protein is
detected using a biotin-conjugated anti-VP2 antibody, which is subsequently traced using
an avidin-FITC label.
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Figure 4.30 shows the calibration curve for a fluorescence-based sandwich assay for the
detection of Parvovirus B9 capsid protein VP2. Three sets of each standard were assayed
over three days and the CVs calculated, CVs of between 0.39-6.02% were determined.

[

t t hmas t T 0 i
0 1 16 10 1000 10000 10000 1e6 le7
VP2 conc. (ng/ml)
o
V32
024
om
o
1084
£16
025
Nk
-u“ﬂ 100 1000 1IEU 400000 1; —_'__1:7

Figure 4.30 Calibration curve for the fluorescence-based detection of Parvovirus BI19
VP2 capsid protein in PBS using a sandwich assay format. Residuals of Buaevaluation
plot using 4-parameter equation fit for data are also shown. The lower limit of detection
was determined to be 17 pg/mi, calculated from the mean value of the blank plus 3 times
the standard deviation and the fluorescent response was normalised against the

background fluorescence (NFRU).
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The fluorescence-based assay produced a limut of detection less sensitive than the
equivalent ELISA assay. The hmit of detection for the fluorescence-based assay was
determined to be 17 pg/ml, when calculated from the mean value of the blank (sample
containing no VP2 capsid protein) plus 3 standard deviations. This was thought to be
related to the immunoreagents used 1n the fluorescence-based assay which employed a
biotinylated anti-VP2 antibody, as opposed to the HRP-conjugated anti-VP2 antibody
used in the ELISA-based method. Fluorescence-based detection is generally more
sensitive than enzyme-based methods, however, since there were proprictary issues
concerming the reagents and buffers; optimisation of biotinylation and assay conditions

were not permitted.

4.7.3 Chemiluminescence-based immunoassay for the detection of Parvovirus B19

A chemiluminescence-based immunoassay (CIA) for the detection of Parvovirus B19
was investigated. A microtitre plate was coated with 4 pg/ml of coating antibody (anti-
VP2 capture antibody from Parvovirus B19) and incubated as described in Section 2.9.3.
Recombinant VP2 capsid protein diutions were prepared in low pH sample diluent n
concentrations ranging from Ipg — 10 pg/ml. Bound antigen was subsequently detected
using horseradish peroxidase-labelled anti-VP2 antibody and luminol/iodophenol

substrate (Figure 4.31).

HRP-conjugated anti-VP2 antibody

Recombinant VP2 capsid
protein

Anti-VP2 capture antibody

Figure 4.3} Schematic showing solid-phase assay format for the ELISA—bas/ed detection
of Parvovirus B19 capsid protein VP2. An anti-VP2 antibody is used m a sandwich assay
format to capture varying amounts of recombinant VP2 capsid protein. Bound protein is
detected using a HRP-conjugated anti-VP2 antibody, which is subsequently traced using

a luminolfiodophenol substrate.
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Figure 4.32 shows the calibration curve for a chemilominescence-based sandwich assay

for the detection of Parvovirus B9 capsid protein VP2, Three sets of each standard were

assayed over three days and the CVs calculated, CVs of between 1.11-9.16% were

reported.
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Yigure 4.32 Calibranion curve for the chemiluminescence-based detection of Parvovirus

BI9 capsid protein VP2 in PBS using a sandwich assay format. Residuals of

Biaevaluation plot using 4-parameter equation fit for data are also shown. . The lower

limit of detection was determined to be 38 pg/ml calculated from the mean value of the

blank plus 3 times the standard deviation and the chemiluminescent response was

rormalised against the background lurminescence (NLRU).
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The chemiluminescence assay also established an LOD of 38 pg/ml, which was less
sensitive than both the ELISA and the fluorescence-based assays. Although, the
chemiluminescence-based assay used the same HRP-conjugated anti-VP2 antibody as the
ELISA, it was far less sensitive. It has been suggested that chemiluminescence possesses
much better signal-to-noise ratios than absorbance-based assays (Kricka, 2003).
However, it did not perform significantly better in this assay format. In conclusion, the
successful transfer from ELISA based detection on solid phase to fluorescent and
chemmlummescent versions of the assay were established, the former being 4 times less
sensitive than the established ELISA with an LOD of 17 pg/ml and the latter being
almost 10-fold less sensitive with an LOD of 38 pg/ml reported.

4.7.4 Biomolecule immobilisation on cone structures The plate-based immunoassay for
the detection of Parvovirus B19 capsid protein VP2 was successfuily reproduced using
enzyme-based detection. The assay was also successfully replicated in plate-based format
using both fluorescence and chemiluminescence-based detection, albeit at slightly less
sensittve LODs. The next phase involved transfer of the plate-based assays to a chip-
based format using a polymer platform with cone structures for enhanced fluorescence
and chemiluminescence-based detection. The mucrotitre plates used in the plate-based
assays were MaxiSorb™ plates (Nunc, Denmark), which have a high affinity to
biomolecules due to their mixed hydrophilic/hydrophobic domains. The MaxiSorb™
polystyrene surfaces therefore, promote biomolecule attachment through passive
adsorption onto well surfaces (Anonymous, 1998). The polymer chips do not extubit the
same characteristics and so a number of surface modification strategies for biomolecule
immobilisation were evaluated (Section 2.9.4). Both polycarbonate (PC) and polystyrene
(PS) cone platforms were investigated for biomolecule immobilisation. The polymer
chips were adapted in a number of ways to assess what kind of modification processes

provided optimal biomolecule attachment.
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Polymer chips were treated with an oxygen plasma and subsequently modified with
aminopropyl-tri-ethoxysilane and glutaraldehyde prior to biomolecule immobilisation.
The use of indium tin oxide (ITO)-coated polymer materials with and without
aminopropyl-tri-ethoxysilane treatment was also examined. Each strategy was evaluated
first using horseradish peroxidase (HRP), before being used to assess the immobilisation
of the anti-VP2 coating antibody. The most consistent surface modification technique
(that gave the highest levels of HRP immobilisation), was subsequently used in the
fluorescence and chemiluminescence-based assays for the detection of Parvovirus B19

capsid protein VP2, on the chip platforms. Figure 4.33 shows a schematic of the surface

modification techniques evaluated for biomolecule immobilisation on cone platforms.

Figure 4.33 Schematic of surface modification techniques evaluated for biomolecule
immobilisation on cone platforms. PC - polycarbonate; PS - polystyrene; Plasma -
Oxygen plasma treatment; ITO - Indium tin oxide sputtering; Glut - Glutaraldehyde
modification; Silane - Aminosilanisation. Both polycarbonate (PC) and polystyrene (PS)
cone platforms were subjected to surface modification treatments. An oxygen plasma
was sputtered onto the polymer chips, followed by silanisation to facilitate
glutaraldehyde cross-linking. Another batch of chips were coated with indium tin oxide
and subsequently treated with aminopropyl-tri-ethoxysilane. Negative controls were
prepared for each surface modification step (whereby no treatment occurred) and the
strategies were evaluated by assessing the amount of immobilised HRP post-

modification.
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Plasma treatment is a useful tool for biomolecule attachment to polymer surfaces for
immunosensor applications (Wu et al, 2000; Li et al.. 2004). The treatment of polymer
swfaces with oxygen plasma is reported to enhance immobilisation of biomolecules (Jo
et al., 2000; Michalzik et af, 2005) and, therefore, was assessed in this study.
Glutaraldehyde is frequently used m biochemistry applications as an amine-reactive
homo-bifunctional cross-linker, promoting biomolecule immobilisation in a number of
sensor platforms (Lu et al., 1997; Liv® ef al., 1999; Deng et al., 2004). Silanisation of the
surface with aminopropyl-tri-ethoxysilane {APTES) allowed glutaraldehyde crosslinking
and covalent immobilsation of antibodies to the chip surface. The use of glutaraldehyde
both in the presence and absence of oxygen plasma treatment and silane was assessed.
The sputtering of polymer swrfaces with indiom tin oxide (ITO) for enhanced
immobilisation of bicmolecules was reported by Fang et al. (2003), and this method was
also investigated. Direct silanisation is a commonly used method for the immobilisation
of biomolecules at chip surfaces (Nisnevitch et al., 2000; Betty er al., 2004). Thus, this
method was also examined. Plant horseradish peroxidase (Sigma) is a cheap, robust
molecule that is easily detected using TMB substrate and so was chosen as the test

molecule for immaobilisation for these preliminary studies,

4,7.4.1 Immobilisation of HRP on medified polymer chips for enhanced fluorescence
and chemiluminescence-based detection

Both polycarbonate and polystyrene chips were investigated. Plant horse-radish
peroxidase (HRP) was immobilised on the surface of modified cone stmactares (Section
2.9.4.1) and any remaining binding sites on the biochip blocked using PBS (0.15M NaCl,
2.5mM KCl, 10mM Na,HPO,, 18mM KH,PO, pH 7.4) contamming 1% (w/v) BSA.
Following washing, bound HRP was detected following the addition of TMB substrate
(Section 2.9.4.1). The CCD detection set-up (Section 4.4.4) used to assess the amount of
bound biomolecuie on chip surfaces, is only suitable for measuring fluorescence and
chemiluminescence and does not have absorbance-detection capabilitics. Therefore,
reacted TMB substrate from each cone was transferred to wells of a microplate
containing 135ul of unreacted substrate (1/10 dilution) and the absorbances for each
sample was read at 620nm using a Safire” plate reader. Figure 4.34 shows the results for

polycarbonate chips, modified as detarled in Figure 4.33,
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Figure 4.34 Immobilisation studies on polycarbonate. P - oxygen plasma treatment; S -
silanisation with aminopropyl-tri-ethoxysilane; G - gluigraldehyde treatment; ITO -
indium tin oxide sputtering; NOT - no treatment. The strategy that gave the most
consistent immobilisation results for the polycarbonate chips was no plasma treatment
but with both silanisation and glutaraldehyde modification. Controls included completely

unireated chips. The background absorbance was subtracted from all values.

From Figure 4.34 it was determuned that the oxygen plasma treatment was not enhancing
HRP immobuilisation either with or without subsequent glutaraldehyde crosslinking The
indium tin oxide sputtcred cones that were silanised showed good levels of HRP
immobilised at higher concentrations, however, this levelled off at the lower end of the
concentration range. From this data, the most promising strategies were silanisation with
glutaraldehyde treatment and silanised chips with no pre-treatment. These methods gave

the most consistent immobilisation throughout the entire concentranion range of HRP.
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The polystyrene chips were evaluated in exactly the same way as the polycarbonate
chips, except that the oxygen plasma pre-treatment and ITO sputtering strategies were not
investigated, since they showed no obvious benefits on the polycarbonate cones. Figure

4.35 shows the results for polystyrene chips modified as detailed in Figure 4.33.
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Figure 4.35 Immobilisation studies on polystyrene. G - glutaraldehyde treatment; S -
silanisation with aminopropyl-tri-ethoxysilane, Untreated - no treatment. The strategy
that gave the most consistent immobilisation results for polystyrene chips was determined
to be glutaraldehyde crosslinking of HRP via the amino groups of aminopropyl-iri-
ethoxysilane on the chip. Controls included completely untreated chips. The background

absorbance was subtracted from all values.

The next phase involved assessing which polymer material was most suitable for use with
glutaraldehyde for the immobilisation of HRP. A range of HRP concentrations (0-
1000pg/ml) were spotted onto the cone platforms of both polycarbonate and polystyrene
chips, in the presence and absence of silane/glutaraldehyde to determine which chip
material was optimal (Figure 4.36).
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Figure 4.36 Immobilisation studies to determine optimal polymer type for biomolecule
immobilisation. , PS - polystyrene; PC - polycarbonate; G - glutaraldehyde treatment; S -
silanisation with aminopropyl-tri-ethoxysilane (APTES). Polystyrene chips with
silane/glutaraldehvde modification showed the most consistent immobilisation of HRP.

The background absorbance was subtracted from all values.

Polystyrene chips that were modified with silane and glutaraldehyde consistently showed
the most uniform immobilisation levels of HRP. Therefore, polystyrene was deemed to
be the optimal chip material since it produced the most reproducible results of HRP
immobilsation. This was further improved by modifying the chip surfaces with
aminopropyl-tri-ethoxysilane to assist in the immobilisation of HRP by glutaraldehyde
crosslinking.
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A consistent strategy for HRP immobilisation was defined on polystyrene chips that had
been modified with silane/glutaraldehyde. The next phase involved the immobilisation of
HRP-conjugated anti-VP2 antibody on the chip surface, using this immobilisation
technique. A range of HRP-conjugated anti-VP2 antibody concentrations (0-1000pg/ml)
were prepared and spotted onto the optimally-modified cones of polystyrene chips
(Section 2.9.4.2). The amount of bound antibody was detected in the same way as
immobilised HRP, using TMB substrate (Figure 4.37).
Modification strategy

0.60 1 B PS+S-G

Normalised Absorbance @ 620nn

TR T T o T RS TR 7 T - B — |
n o84 ¥ w8 a9 a <
[ I o O T o . T N — I —1
L -T

1000.00
500.00
250.00 &
125.00 [
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Figure 4.37 Immobilisation of antibodies. PS - polystyrene; G - glutaraldehyde
treatment; S - silanisation with aminopropyl-tri-ethoxysilane (APTES). Polystyrene
platforms were treated with aminopropyl-tri-ethoxysilane and subsequently investigated
both with and without glutaraldehyde to determine the optimal coating concentration of

HRP-conjugated anti-VP2 antibody for assay development on cone platforms.

Figure 4.37 shows that the presence of glutaraldehyde had a positive effect on
immobilisation. Glutaraldehyde can be used to cross link biomolecules to polymer
surfaces via activated functional groups (Lu ef al., 1997; Figueiro et al., 2006). In this
case amino groups were available from the aminosilanisation of the surface prior to the
addition of glutaraldehyde. There seemed to be little variation in signal with decreasing

concentrations of anti-VP2 coating antibody and so a low concentration was chosen, to
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conserve antibody supplies. An anti-VP2 antibody concentration of 3.91ug/ml was
selected for use in the further chip-based studies.

Figure 4.38 shows the different percentage glutaraldehyde solutions for use in chip-based
assays for the detection of Parvovirus B19 capsid protein VP2. An ELISA-based assay
was performed (Section 2.9.4.3) using varying percentage concentrations of
glutaraldehyde for immobilisation of the coating antibody, 2.5%, 1% and 0.25% (v/v).

Anti-VP2 coating antibody (3.91pg) was spotted on modified cones and incubated for 2
hours at RT. The chip platforms were washed and blocked in the same way as the plate-
based assay. Recombinant VP2 capsid protein dilutions were prepared in low pH sample
diluent {Biotrin International, Dublin), at concentrations ranging from Ing — 10,000ng/ml
(Section 2.9.4.3). Each of the VP2 concentration was added in triplicate (3 cones) and
incubated at RT for 2 hours. The chip platforms were washed, as before, and peroxadase-
labelled anti-VP2 antibedy added to detect the amount of capsid protein bound to each
cone. TMB substrate (20ul/coney was used to trace the HRP-comugated anti-VP2
antibody bound to the differing concentrations of VP2 capsid protein. After 10 minutes
incubation, 15yl of the reacted TMB substrate from each cone was pipetted inio a
microplate and 135l of reaction solution was added and mixed for 3mins (1/10 dilution,
total volume of reaction in cach well 1s 150u1). The absorbances for all samples were

read at 620nm and normalised against the background absorbance.
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Figure 4.38 Determination of optimal percentage glutaraldehyde concentration for VP2
sandwich assay on polystyrene cone platforms. The ELISA-based assay was reproduced
on the cone platforms using varying concentrations of glutaraldehyde for coating
antibody immobilisation. The optimal concentration of glutaraldehyde was determined to
be 2.5% (v/v). Both TMB substrate and buffer were also tested as negative controls, to

determine background absorbance, which was subtracted from all test values.

Various surface modification methods were investigated to evaluate the most suitable
strategy for biomolecule attachment onto the cone platforms, allowing the transfer of the
plate-based assays to a chip format. Directed immobilisation of antibodies onto the cone
platforms using glutaraldehyde crosslinking via aminosilane modification allowed
transfer of the ELISA-based assay to chip format, where a detection limit of Ing/ml was
achieved. This strategy also was investigated for both chemiluminescence and
fluorescence-based detection of VP2, to see if the plate-based assays could be replicated

in chip format in the same manner as the ELISA-based assay.
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4.7.4.2 Chemiluminescence-based detection on cone platforms

In order to assess compatibihity of the CCD detection set-up for transfer of the
chemiluminescence-based VP2 assay to a chip platform, the chemiluminescence-based
detection of HRP was firstly investigated. HRP was immobilised as before and detected
using a chemiluminescent substrate, using the CCD set-up (Section 4.4.4). The
immobilisation of HRP (0-1mg/ml) via silane/glutaraldehyde crosslinking on polystyrene
(PS) cone platforms was visualized by the in situ addition of luminol/iodophenol
substrate using a luer lock syringe (Section 2.9.4.4), The detection of the generated
chermluminescent signal from immobilised-HRP was captured with a CCD camera.
However, very long exposure times were required (~40 s). A number of problems such as
deposition/light-capture  issues were encountered. Figure 4.39 shows the

chemiluminescent detection of 1mmobilised HRP.

Spot visible at Tug/ml

Figure 4.39 Chemiluminescent detection of immobilised HRP on glutaraldehyde- treated
polystyrene cones. Lununol/fiodophenol substrate was added to cone platforms and the
generated luminescent signal from immobilised HRP at each spot was captured with a
CCD camera. This was performed to assess the lowest amount of HRP detectable using
this substrate and detection set-up. A faint spot was visible at 7.81 pg/mi. However, some
concentrations above this point are not visible, indicating that the method was sub-

optimal.
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From Figure 4.39, a number of immobilised HRP spots are visible; however the sequence
of spot intensities from the highest concentrations {(Img) to the lowest concentration
(Opg) does not follow the expected pattern. Spot intensities (representing decreasmg
concentrations of immobilised HRP) decrease from Img/ml down to 125pg/ml, as
expected, but afier this point, at 62.5pug/ml, 31.25pg/ml and 15.65pg/ml, no
chemiluminescent signal is apparent. However, on the cone representing 7.81pg/ml, there
is a faint spot visible, even though concentrations above this pomt were undetectable
This indicated that this strategy was unsuitable for full transfer to a chip format at this
point, due to significant problems in set-up and detection, whereby the accurate
quantification of individual spot intensities was not possible. These problems were
associated with conceniration issues of lumnol at the optical mterface, which exhibited
lirmted sensitivity for chemilominescent HRP detection in this format. If this strategy
were to be explored further, a surface-immobilised chemiluminescent Iabel would be

investigated.

4.7.4.3 Fluorescence-based detection of VP2 capsid protein on cone platforms
The transfer of the fluorescence-based detection of VP2 capsid protein from a plate-based
method to cone platforms was evaluated. The immobilisation of biotin conjugated anti-
VP2 antibody via glutaraldehyde crosslinking onto polystyrene cone platforms (Section
2.9.4.5) was performed. This aillowed bound anti-VP2 antibody to be visualised with the
addition of streptavidin-linked Cy5. Figure 4.40 shows a schematic of this format.

Streptavidin-linked Cy5
T
Biotin-conjugated anti-VP2 antibody
m Silane/glutaraldehyde modified cone

Figure 4.40 Fluorescence-based detection of biotin-conjugated anti-VP2 anttbody
immobilised on polystyrene cone platforms. Bound antibody was traced with
streptavidin-Cy3 and the fluorescent signal generated was captured using both a CCD
and CMOS camera.
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A range of biotin-conjugated anti-VPZ antibody concentrations (0-1000pg/ml) were
spotted onto cone surfaces of the chip. Four antibody concentrations (1000pg/ml,
125pg/ml, 7.81ug/ml and a control, Opg/ml) were also spotted onto planar areas on the
chip surface. This allowed visualisation of the enhancement effects of the cone
structures, which are reported to enhance collected fleorescence up to 80 fold (Blue et al.,
2005). The fluorescent signal generated from the immobilised biotin-conjugated anti-VP2
antibody spots was traced with streptavidin-Cy3 and detected using a charged coupled
device (CCD) camera, with an exposure time of 5 secs. The successful demonstration of

fluorescence-based anti-VP2 antibody detection 1s shown in Figure 4.41.

Figure 4.41 CCD image of immobilised biotin-conjugated anti-VP2 antibody, traced with
streptavidin-Cy5. The concentrations of the antibody spots depicted n white text are on
cone surface, whereas aniibody concentrations on planar surfaces are show in red. A
clear enhancement from antibody immobilised on the cone surfaces is evident and shows

that the fluorescence-based detection of VP2 15 possible using this setup.
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Figure 4.41 shows the captured fluorescence and associated enhancement of bound
biotin-conjugated anti-VP2 antibody, traced with streptavidin-Cy5. Spot intensities
(representing  decreasing concentrations of immobilised bictin-conjugated anti-VP2
antibody) decrease as expected, from 1mg/ml down to 7.81ug/ml, since there were fewer
antibodies available for the reaction with streptavidin-Cy5. The fluorescent signal
strengths from antibody immobilised on the cone parts of the chip were considerably
higher than the comparative signals on the planar areas of the polymer surface at the
same concentration. This is particularly evadent at 7.81pg/ml, where the signal from the
cone (white text) is sigmficantly brighter than the signal from the planar surface at the
same concentration (red text). This is a key outcome and clearly demonstrates proof of

principle for enhanced fluorescence-based detection using the chip format.
Further improvements in detection setup, chip fabrication and fluorescent tracer

molecules would be necessary for optimisation of this method if it is to achieve

widespread use in immunoassay-based applications.
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4.8 Discussion

The work described in this chapter involved the development of improved fluorescence-
based detection methods for the immunosensing of various analytes. The chosen targets
were warfarin, a small hapten, the bacterial protein InlB, L. monocytogenes bactenal cells

and human IgG. Details of assay limits of detection are shown in tabie 4.5,

Table 4.5: Fluorescence-based assay limits of detection

Assay (Lahel) LOD

InlB polyclonal assay (Qdots) 12ng/ml

InlB polyclonal assay (Porphyrin) 87ng/ml

InlB scFv assay (Qdots) 12ng/ml
Warfarin monoclonal assay (Qdots) 201ng/ml
‘Warfarin monoclonal assay (Porphyrin) 228ng/ml

Parvovirus VP2 protein (ELISA) 3pg/mi
Parvovirus VP2 protein (Chemilumunescence-based ) 38pg/ml
Parvovirus VP2 protein (Fluorescence-based) 17pg/ml
Human IgG (Ruthenium-doped nanoparticles) 1.3pg/ml
Human IgG (Ruthenium label) 84pg/ml

The use of biochip-based systems using traditional fluorescent labels such as FITC and
Cy5 have been reported by several authors (Rowe-Taitt et al., 2000; Rubina ¢f al,, 2005;
Sapsford ef al., 2006). Microarray-based systems were successfully demonstrated for the
detection of biotoxins, tumour markers, DNA and clinically important analytes (Ekins ef
al., 1999; Feldstein et al, 1999; Rowe® et al, 1999; Espina et al., 2004). However,
sensitivity is often limited by the spectral characteristics of the fluorescent probe and the
quantum yield of the emitting molecules. The performance of a fluorescence-based
immunoassay depends on both the specificity and affinity of the immunomolecules
involved and also on the label/detection system chosen. Moreover, within the
label/detection system association, there are two major considerations; one based on the
specific activity of the labelled molecule and secondly, the sensitivity of the detection
system for that molecule (Marquette er al., 2006). In fluorescence-based detection
platforms, the background noise of the measurement set-ups (photo-multiplier tube, CCD
camera) is usually very low As a consequence, in equivalent conditions of
immunological reactivity and signal detection, the sensitivity of the assay is directed by
the label activity or the labelling quality. Therefore, the use of improved fluorescent

probes is a key consideration for the accurate and sensitive detection of analytes.
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The application of enhanced fluorescent probes 1n immunosensing technology is an area
of expanding recent interest (Seydack, 2005; Hun and Zhang, 2007). Fluorescent silica
nanoparticles display excellent optical properties and are particularly useful as sensitive
and photostable fluorescent probes for improved immunosensing and bicanalytical
applications (Zhao et al.,, 2004). With this in mind, this chapter focused on the use of
novel fluorescent labels and biochip platforms for the improved detection of target

analytes.

Fluorescence-based immunoassays for the detection of InlB were established using both
streptavidin-linked quantum dots and porphyrin-labeled neutravidin as fluorescent labels
(Section 4.2). The polyclonal antibody-based competitive assay usmg gquantum dots as
label has a limit of detection (1.OD) of 12ng/ml (Table 4.5). This was determined by
calculating the mean value of the blank (Fp) plus three times the standard deviation. The
LOD for the scFv competitive assay was determined to be 12ng/ml (Table 4.5) and the
polyclonal antibody-based competitive assay using porphyrin-labeled neutravidin as label
has a limit of detection (LOD) of 87ng/ml (Table 4.5). These assays successfully
demonstrated the use of quantum dots and porphyrin for the fluorescence-based detection
of InlB. However, significant problems were encountered with the commercially acquired
quantum dots. Large batch-to-batch vanations were found and the fluorescent signal
strengths of stock solutions were inconsistent. Many assays incorporating quantum dots,
particularly those based on immunofluorescence, have been reported to be less sensitive
than other assays (Jamieson et al, 2007). The large size of ¢uantem dots, relative to
curtent fluorophores reduces their ability to access and label immunomolecules, and
uncertainty over the toxicity of these molecules is a key issue. In addition, the
fondamental characteristics of their surface chemistry and physiochemical properties in
assay situations are poorly understood. For this reason the quantum dots were not further
investigated as potential labels for the transfer of fluorescence-based detection of InlB to
a biochip-based system.

Bowever, the fluorescence-based detection of IniB in a biochip format was attempted
with the near mfra red label (NIR) Cy35; using specialised polymer platforms with cone
stractures for enhanced fluorescence capture (Section 4.3). The successful detection of
anti-InlB polyclonal antibody, bound to immobilised antigen (InlB-F3) and traced with
Cy5 was demonstrated using a CCD detection set-up (Section 4.3.5). This highlighted the
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potential use of the cone platforms for further chip-based detection of analytes using
alterpative fluorescent labels. The use of dye-doped nanoparticles in such a system would

greatly improve assay sensitivities.

Although little has been published on the use of quantum dots in solid-phase
imrounoassays, many authors have reported on their suitability for imaging applications
(Mattheakis et al., 2004; Sukhanova et al., 2004). Quantum dots were therefore
investigated for the imaging of L. monocytogenes bacterial cells using antibodies directed
against InlA; a ready accessible cell surface protein on L. monocytogenes. The
multicolour sensitivity of quantum dots makes them ideal for the analysis of complex
samples using immunostaining techniques, (Wang et al., 2004; Jaiswal ef al., 2003 and
2004). The main advantage of quantum dots for the immunostaining of bacterial cells is
the ability to muliiplex without the need for multiple excitation sources, thus facilitating
double or even triple immunostaining of the cells. Whole L. monocytogenes cells were
imaged using biotinylated anti-InlA monoclonal antibody tagged with streptavidin-linked
quantum dots. This method was then compared to both FITC and Cy 5 staining (Section
4.5). The superior optical properties of quantum dots as imaging molecules was apparent
when compared with these organic probes and the studies presented here show that
quantum dots do have potential for use in imaging applications. However, only when the
significant concerns regarding quantum dot stability and toxicity are fully addressed, will

it be possible to fully assess their potential for use in fluorescence-based immunoassays.

The most commonly used detection methods for L. monocytogenes to date, include‘
cuiture, biochemical testing, ELISA and nucleic acid amplification (Dunbar ef al., 2003).
The majority of assays for detection are cell-based giving the value of L. monocytogenes
whole cells in the sample. Dunbar et al. describe the use of microsphere-associated
fluorescence-based detection of L. monocytogenes cells using a Luminex™ LabMAP
microsphere system. Limits of detection achieved are 10%107 genome equivalents for Z.
monocytogenes. The most common high-thronghput screening system for detection of
L.monocytogenes in food samples is the mini-VIDAS L. monocytogenes (1.MQ), (Mena
et al., 2004), where antibodies specific for the bacteria are used in an enzyme-linked
fluorescence-based immunoassay. These methods were useful for determining the
number of L. monocytogenes cells in a sample and, therefore, are unsuitable for direct

comparison to the assay sensitivities reported in this chapter for the detection of InlB.
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However, by employing internalin proteins and associated antibodies in immunoassay
development, alternative strategies for detection are created. This is an important
breakthrough as the use of L. monocytogenes-associated proteins eliminates the need to
culture and handle dangerous pathogenic whole cells, when characterising novel
immunoassay formats. Overall, it was demonstrated that anti-InlB antibodies and
recombinant InlB fragments, could be used to generate specific assays for the detection of
L. monocytogenes cell surface proteins. The use of avidin-linked fluorescent labels such
as quantum dots and platinum-porphyrin dye was demonstrated for the detection of InlB
in plate-based assays, while Cy5 was successfully used for the detection of both InlA and

InIB in both chip-based and immunostaimng formats.

Nanoparticles are highly complex, spectroscopically tailored tags that improve assay
sensitivity, reproducibility and multiplexing capabilities, therefore, their potential use as
labels for fluorescence-based detection was examined. Silica nanoparticles were doped
with ruthenium dye for use in fluorescence-based assays for the detection of human IgG
(Section 4.6). Antibody nanoparticles were prepared using methods adapted from Santra
et al. (2001), Tan® er al. (2004) and Qhobosheane et al. (2001) by amino-modification
using APTES and glutaraldehyde crosslinking. The antibody-coated nanoparticles were
utilised in a sandwich assay formats for the detection of buman IgG and directly
compared with an assay using mthenium-labeled anti-human IgG. The dye-doped
nanoparticles demonstrate a  huge potential for improved fluorescence-based
immunoassays with doped particles between 20,000-40,000 times brighter than their
constituent dye. Comparison of the antibody-conjugated particles to dye-conjugated
antibodies in a sandwich assay format for the detection of human IgG, gave normalised
fluorescent signals up to 60 times brighter than the ruthenium dye-conjugated antibodies.
Limits of detection of 1.3 pg/ml and 84 pg/ml (Table 4.5), were determined for the
nanoparticles and ruthenium dye, respectively. The target detection limits were calculated
using the 3 sigma method (mean of blank plus 3 x SD).
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These results were better than the findings of Lian ez al. (2004) who reported on the use
of nanoparticles in immunoassays for the detection of human IgG using similar doped
nanoparticles, fabricated in a comparable manner. They achieved a L.OD of 1.9ng/ml for
the detection of human IgG using FITC-doped nanoparticles. This suggests that the
ruthenium dye-doped nanoparticles presented in this chapter are far superior to the
particles described by Lian and co-workers. They have wide-ranging potential in the
future of fluorescence-based detection, with improved detection hmits, reduced

photobleaching and increased sensitivity.

Lian ¢t al. (2004) however, did demonstrate the use of doped particles in both solid-phase
and biochip applications. The applications of nanoparticles in immunoassay formats
included direct and indirect binding assays for the detection hlg(G, using avidin
nancparticles in direct comparison with Texas red and quantum dots. Lian et al. also
investigated the use of nanoparticles in a protein microarray application with high
detection sensitivity reported. The mamm advantages of these probes over conventional
small organic dyes and luminescent quantum dots is their ease of preparation, small lot to
lot varability (as was significantly observed with commercial quantum dots) high
functionality for biomolecule attachment, good photostability and absence of toxic
constituent materials (as with quantum dots). Therefore, the potential applications of dye-
doped nanoparticles are endless and the integration of this technology with chip-based

detection methods should dramatically increase assay sensitivity even further.

The use of novel fluorescent probes for the detection of a hapten, namely warfarin, the
ninth most prescribed drug in the world, was also investigated. Fluorescence-based
immunoassays for the detection of warfarin were demonstrated using gquantum dots and
porphyrin as fluorescent labels (Section 4.4). The fluorescence-based immunoassays for
the detection of warfarin were not as sensitive as conventional ELISA techniques. The
limit of detection of free warfarin in ELISA was found to be 1.5ng/ml (Fitzpatrick and
(’Kennedy, 2004). However, in the fluorescence-based immunoassays; the Hmuts of
detection were 201ng/ml and 221ng/ml (Table 4.5), respectively, for quantum dots and
porphyrin. Problems were encountered with quantum dot stability (as before) and this
could have led to decreased assay sensitivities. Issues with the protein-drug conjugate
(warfarin-BSA) were also experienced which also could have also had an effect on assay

performance. Frozen stocks of warfarin-BSA were thawed unintentionally (when a
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freezer defrosted), winch affected the functionality of the conjugate. Preparation of fresh
warfarin-BSA was unsuccessful due to limitations in conjugate characterisation.
However, these assays did demonstrate the potential of novel labels for the fluorescence-
based detection of haptens and assay sensitivities could be improved through more
cfficient biotinylation of the monoclonal antibody or fresh preparation of the drug-
conjugate. The use of more stable fluorescent labels such as dye-doped nanoparticles in
assoctation with the biochip cone platforms, described in Sections 4.3.5 and 4.7, could
provide more sensitive fluorescence-based detection of warfarin, in line with the assay
sensitivities previously established using ELISA and Biacore (Fitzpatrick and
O’Kennedy, 2004).

Chip-based methods for the detection of Parvovirus B19 capsid protein VP2 were
examined in association with an industrial partner (Biotrin International Ltd. Dublin).
The immobilisation of biomolecules on chip surfaces was investigated for the
development of chip-based assays for the detection of parvovirus B19 (Section 4.7).
Successful optimisation of biomolecule immobilisation on polymer chips was achieved
using HRP and various surface modification techniques (Section 4.7.7). Transfer of an
enzyme-based assay for the detection of Parvovirus B19 capsid protein VP2, from piate
to chip was demonstrated. Fluorescence and chemiluminescence-based detection of the
VP2 capsid protein on chip platforms was not successful. Problems with detection set-up
were encountered, however, proof of principle showing fluorescent detection of
immobilised anti-VP2 antibody was shown. The fluoresceni signal strengths from
antibody immobilised on the cone parts of the chip and traced with fluorescent dye, were
significantly higher than the same reagents immobilised on the planar surface of the chip.
This demonstrates the potential of these cone-based platforms for use in biochip
applications, whereby comparison of fluorescent signal from cones to planar surfaces
showed a clear enhancement of collecied fluorescence (Blue et al., 2005). Further
improvements to cone platforms and detection set up will enable this technology to
become a useful tool for biochip applications. Significant developments have been
ongoing within the NCSR to further improve the optical enhancement structures. These
have included changes in the material used for fabrication, in the design of the cone to a
parabaloidal structure, increasing the light collection efficiency sull further, and

improved precision in fabrication leading to better defined optical performance. Work is
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also underway to mmprove the optical detection set-up, which would enable the use of

novel fluorophores such as nanoparticles in the chip-based systems.

Future trends in fluorescent-based detection of biological molecules lie with a number of
emergng technologies that combine nanotechnology with biomolecules for biochemical
analysis. In this chapter, novel approaches for the enhanced fluorescence-based detection
of molecules were examined, uiilising 1mproved reagents, novel probes and superior
fluorescence capture systems. The benefits obtained through the use of novel labels on
classical microtitre plates were presented and discussed and preliminary studies showing
the application and potential transfer of these labels to protein biochips were also shown.
Labels with better spectral propertics including greater photostability, solubility in
aqueons solution and high brightness (such as those described in this chapter) will play an
important role in the future of immunodetection. The development of polymer biochips
with cone structures for enhanced fluorescence capture will also have a significant
influence in the area of fluorescence-based analysis. However, the approaches presented
here are still in an ecarly phase of development, and considerable improvements m
sensitivity and limit of detection can be expected with further study and development. It
is expected that improved labels and chip-based techmologies will revolutiomise

biochemical analysis and the future of clinical diagnostics.
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Chapter 5:
The development of a ‘labeless’
immunosensor for the detection of

L.monocytogenes cell surface protein

fragment, InlB ¥3
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5.1 Iatroduction

Immmunosensing devices transduce antigen-antibody interactions into directly
measurable signals and allow sumple, rapid and sensitive quantification of analytes in
biologically complex samples (Byficld and Abuknesha, 1994). These devices
incorporate either antigen or antibody at the sensor surface and subsequent probing
with the opposite form, results in a highly specific immunocomplex. There are two
main types of immunosensors; direct and indirect. Indirect immunosensors employ
labels (fluorescent tags, enzymes, radio-isotopes, etc.), whereas direct methods are
‘label-free’. The main difference between these senmsor types is that direct
immunosensors detect physical changes during immunocomplex formation, whereas,
indirect immunosensors use signal generating labels that allow sensitive detection of
the complex. In simple terms, labelled immunosensors are based on the direct
detection of a specific label, whereas unlabelled types rely on a change in physical
properties. The use of labels can often result in longer analysis times, with extra steps
required, thus increasing the complexity of the procedure. Enzymes and fluorescent
tags are by far the most commonly used components m indirect biosensors, whereas
most affinity sensors are based on antibodies. The theory and background of the
development of basic biosensors and immumnosensers was discussed m Chapter 1.
Here a more detailed account of affinity-based immunosensors is presented, in

relation to an impedance-based sensor, developed for the detection of Internalin B,

5.1.1 Affinity Sensors

Affinity sensors detect the binding events occurring at sensor surfaces. They are
excellent tools for the biosensing of biologically important reactions and subsequent
detechon of analytes in complex matrices (Tijssen, 1985). Affinity sensors are
generally ligand-based solid-state devices, in which immunochemical reactions are
coupled to a transducer (Buerk, 1993). The fundamental basis of these sensors is the
specificity of the molecular recognition of antigens by antibodies to form a stable
compiex, whereby the binding of such a complex is monitored electrochemically or
optically (Mullett er al, 2000; Skottrup er al., 2007; Pohanka et ai., 2007). The
biological component in affinity immunosensors (either antibody or antigen) can be

iminobilised at the sensor surface via a2 number of methods, as shown 1n Table 5.1.
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Table 5.1 Methods of immobilisation of biclogical components at biosensing surfaces

a bifunctional agent.

Method Mode of Action Example
Biological component is
Direct adsorption onto
Adsorption directly adsorbed onto a )
polymer chip.
swtable surface.
L Physical entrapment of
Biological component 15 . .
Entrapment ) . antibody within polymer
trapped within a matrix. .
matrix.
Biological element is Use of self-assembled
Microencapsulation trapped between monolayers to entrap
membranes. antibodies.
Biological component is )
Use of thiols to
immobilised at the sensor | N o
Covalent Attachment ) immobilise antibodies on
surface via a senes of .
polymer chip surfaces.
covalent chemical bonds.
Biological component is )
Glutaraldehyde fixation
o chemically bonded to the o
Cross-linking . of antibodies on polymer
sensor surface via use of )
chip surfaces.

The other vital element in bioaffinity immunosensor fabrication is the type of detector

involved. The direct detection of bioaffinity reactions can be performed with

piezoelectric, optical, and electrochemical transduction methods (Dong et af., 2000;

Sadik er al., 2002; Slavik et al., 2002). Electrochemical transducers are most popular

for affinity-based immunosensors and include potentiometric, amperometric and

conductimetric devices
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The selectivity of an immunosensor is based on the unique relationship between
antibodies and their corresponding antigens. Antibodies bind specifically with their
respective antigen providing ultra-high sensitivity and selectivity for immunosensors.
The bonding between antigens and antibodies is dependent on a number of forces
such as hydrogen bonds, hydrophobic bonds, electrostatic forces, and Van der Waals
interactions While these are all bonds of a weak, non-covalent nature, the
associations between antigen and antibody can be quite strong. Antigens can exhibit
multivalency, either through the existence of multiple copies of the same epitope or
through the presence of multiple epitopes, which are recognized by multiple
antibodies. Interactions mvolving multivalency produce more stabilized complexes;
however, multivalency can also result m steric hindrances, which can reduce the
possibility for binding (Benjamuni, 2000). All antigen-antibody binding follows the
basic thermodynamic principles of a reversible bimolecular interaction. The affinity

constant K, is determined as follows:
Equatien 5.1 Ka = [Ab-Ag] / [Ab]*[Ag]

Where [Ab] and {Ag] are the molar concentrations of unoccupied binding sites on the
antibody and antigen respectively, and [Ab-Ag] is the molar concentration of the
antibody-antigen complex. The ttme taken to reach equilibrium is dependent on the
rate of diffusion and the affinity of the antibody for the antigen, and can vary widely
(Aalberse er al., 2001). The affinity constant for antibody-antigen bindmg can span a
wide range, extending between 10° mol” to 10" mol™ and can be affected by a

number of factors such as the temperature, pH and solvent.
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5.1.2 Probing biomolecular interactions by impedance spectroscopy.

Bioelectronics 18 a rapidly progressmg field that employs principles and techniques
from chemistry, biochemistry, physics and materials science (Willner, 2002). The
main features of a bioelectomic device include a conductive or semiconductive
support for biomelecule immeobilisation and an electronic transducer for processing of
the biological functions occurring at the interface. Biomolecules that can be integrated
with electronic transducers include proteins such as enzymes (Willner and Katz, 2000;
Morrin ef al., 2003), receptors (Goepel and Heiduschka, 1995) antibodies or antigens
(Rogers, 2000), oligonucleotides or DNA fragments (Yang ef al, 1997; Davis and
Higson, 2005), or low molecular weight molecules exhibiting affinity inieractions
with other biomaterials such as biotin (Anzai er al., 1998). There are a number of
different electronic methods that can be employed to transduce the biological
functions occurring at the electronic supports (Sethi, 1994}, These include electrical
transduction such as current (Xu er al, 2006), potenual changes (Ghindilis and
Kurochkin, 1994), piezoelectric transduction (Ben Dov er al., 1997), field effect
transistor transduction (Zayats et al, 2000), photoelecirochemical transduction
(Pardo-Yissar et al., 2003) and others such as surface plasmon resonance (Liedberg ez
al., 1995; Jordan and Corn, 1997; Raitman ef al, 2002).

Electrochemical immunosensors are vsed extensively for the direct detection of
antibody-antigen interactions. Their main advantages are that they are non-1nvasive
and require little sample pre-treatment (Grant er al, 2003). Electrochemical
immunosensors mvolve the formation of a recognition complex between the sensing
biomaterial and the analyte under investigation in a monolayer or thin-film
configuration on an electronic transducer (Kharitonov ef al., 2000; Ouerghi et al.,
20072; Davis and Higson, 2005). The formation of a complex on a conductive or semi-
conductive surface may alter the capacitance and the resistance at the surface-
electrolyte interface (Katz and Willner, 2003) and this can be exploited to determine

the concentration of the required analyte.
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Impedance spectroscopy is a powerful tool for the analysis of the interfacial property
changes of modified electrodes, upon the occurrence of biorecognition events at
modified surfaces (Guan ef al, 2004). The immobilisation of biomolecules at
electrode or semiconductor surfaces alters both the capacitance and interfacial
electron transfer resistance of the surface (Berggren and Johansson, 1997). Impedance
spectroscopy permits analysis of the changes occurring, that onginate from the
underlying biorecognition evenis. Thus, impedance spectroscopy (Nahir and
Bowden, 1996; Pejcic and DeMarco, 2006), including non-Faradaic impedance
measurements resulting in capacitance sensing (Bart ef al., 2005), is becoming an
atiractive electrochemical tool to characterise biomaterial films assocrated with

electromc elements.

5.1.3 Immunosensors Based on Impedance Spectroscopy

Impedance spectroscopy 1s a useful electrochemical tool for the characterisation of
biclogical thin-films mvolved in the transduction of biomolecular interactions at
electrode surfaces (Ameur ef al., 1997, Sargent and Sadik, 1999). Electrical
Impedance Spectroscopy (EIS) methods can be employed to investigate ‘labeless’
detection of analytes via impedimetric transduction. Several methodologies for the
electrochemical transduction of antibody-antigen binding on modified electrode
surfaces have been reported (Sadik et al., 2002; Grant et al., 2005).

Conductive polymers are excellent platforms for the immobilisation of biomolecules
at electrodes. Sargent and Sadik, (1999) have investigated the binding mechanisms of
antibody-antigen interactions on conducting polypyrrole films using impedance
spectroscopy While the charge transfer mechanisms are yet to be fully understood, it
has been accepted now for sometime that antibody-antigen affinity associations may
be monitored electrochemically via AC and other current transient approaches (Grant
et al., 2003 and 2005). Concentration-dependent impedance measurements are based
on the theory of charge-generation and transportation at the polymer mterface, This 18
due to the fact that proteins in solution act as polyelectrolytes and hence, as an
antibody 1s a protein, its electrical charge will be affected on binding an antigen

(Prasad and Lal, 1999). The impedance of the system increases as antigen

261



concentrations are increased, especially at lower frequencies (Katz ef al., 1998). The
impechimetric response of an antibody-loaded film may be represented as either a
Bode or Nyquist plot. A Bode plot shows the module of impedance of the system
versus frequency and 1s indicative of the overall result. A Nyqust plot however,
illustrates the real impedance of the system vs. the imaginary components
(Khagtonov et al,, 2000). Although several processes can contribute to both the real
and imaginary components, in most cases it can be assumed that 7' corresponds 10
charge transfer processes while Z" refers to the capacitive component (Katz ef al,
2001). The typical shape of a faradaic impedance spectrum can be presented in the
form of a Nyquist plot (Figure 5.1).

Z'l

Zl

Figure 5.1 Schematic Faradaic impedance spectra presented in the form of a Nyquist
Pplor. (a) A modified electrode where the impedance 1s controlled by diffusion of the
redox probe (low frequencies) and by the interfacial electron transfer (high
Jrequencies). (b) A modified electrode where the impedance 15 mainly controlied by
diffusion of the redox probe. (c) A modified electrode where the impedance 1s
controlled by the interfacial electron transfer within the entire range of the apphed

[frequencies. The arrow shows the direction of the frequency increase.
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A classical Nyquist plot consists of a semicircle region representing the capacitive
component and a straight line with a slope of 45° that indicates the contribution made
by the resistive component to the total impedance of the circnit, as shown in Figure
5.1, curve a. The semucircular portion is normally observed at higher frequencies and
corresponds to electron transfer-limited processes; the linear part, however, is
charactenstic of the lower frequency ranges and corresponds to electrochemical
processes that are diffusionally limited (Brett and Oliveira Brett, 1993). When
electron transfer processes are fast, the impedance spectrum changes to mnclude only
the linear part, curve b, whereas a slow electron-transfer step is represented by a large
semicircle region with no straight line, curve ¢. The electron transfer kinetics and
diffusional characteristics can be extracted from the specira. The semicircle diameter
equals to the electron transfer resistance R, The intercept of the semicircle with the
Z'-axis at high frequencies (@ 2 <) 18 equal to the solution resistance; R
Extrapolation of the circle to lower frequencies yields an intercept corresponding to R,
+ Ry Equivalent cucuits are often included to help dlustrate this; however, an
equivalent circuit is not included here, since due to the complexity of the
polymes/antibody/antigen interaction, many equivalent circuits could be equally valid.
Once antigen is introduced to the system and binding occurs at the polymer interface,
the shape of the Nyquist plot become more difficult to interpret. Both the real (Z') and
mmagmary (Z'") components tend to increase as antigen concentration increases, with
the 1ncreases in the real component dominating the total increase in impedance, i.e.
the faradaic component of the impedance increases more dramatically and is
frequency independent (Ameur et al., 1997). This principle forms the basis of the

‘labeless’-immunosensor described here.

One of the most important parameters governing the technique is the applied
frequency. At low frequencies (f<1mHz), the impedance value is basically determined
by the DC-conductivity of the electrolyte solution. At high frequencies (f >100kHz),
inductance of the electrochenmcal cell and connecting wires could contribute to the
inpedance spectra. Thus, the analytically meaningful impedance spectra are usually
recorded at frequencies where they are mainly controlled by the interfacial propertics
of the modified electrodes (10mHz<f<100kHz).
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IniB contains four distinct domans, similar to the other members of the internalin
family. This division of the recombmant protein into smaller truncated sections F3, F4
and F5, (Tully ef al., 20006) facilitated expression of only the most immunoreactive
portion of the recombinant protein for immunosensing applications. The fragment F3
comprises of the N-terminal signal sequence, cap domain and ‘Leucine-rich’ repeat
(LRR)-domain and was chosen as the target antigen for the development of an affinity
‘sensor for the detection of InlB. The recombinant InlB F3 fragment was used in
conjunction with an anti-InlB polyclonal antibody, for the development of a labeless,
impedimetric immunosensor. Labeless affinity sensors are a new generation of
biosensors and address a number of problems associated with the rapid diagnosis of

food-borne pathogens by allowing cost-etfective, specific and sensitive detection.

5.1.4 Electroactive Polymers

In order to produce conductive surfaces suitable for biomolecule attachment at the
electrode, electroactive polymers are employed. These include, but are not lumited to,
polyacetylene, polypyrrole, polythiophene and polyaniline (Eggins, 1996; Lillie et al.,
2001; Li et al, 2005). These conducting polymers arc easily prepared by the
electrochemical oxidation of the substrate at the electrode surface (Ramanavicius ef
al., 2006). Factors which influence the suitability of a particular polymer for sensor
applications are the type of solvent used and the counter anion in the solution, both of
which can have a major effect on the polymer’s conducting properties. The
electrically conducting polymer polyamline was used to develop the sensor surfaces
for the labeless detection of Internalin B described here. Polyaniline exists in three
well-defined oxidation states: leucoemeraldine, emeraldme and pernigraniline, as

shown in Figure 5.2.
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Figure 5.2 Generalised Scheme of the oxidanve and non-oxidanve doping of

polyaniline: n, number of aniline units, m = 4n, {adapted from Eggins, 1996).

The accepted mechanism for the electropolymerisation of aniline (Eggins, 1996) 1s
illustrated in Figure 5.2. The formation of the radical cation of aniline oxidation on
the electrode surface is considered to be the rate determining step. This is followed by
the coupling of radicals and the elimination of protons. The dimer formed undergoes
oxidation on the electrode surface, along with aniline. The radical cation of the dimer
couples with the aniline radical cation, resulting in propagation of the chain. The
polymer formed is doped by the acid present 1 the solution. Leucoemeraldine and
permigraniline represent the fuily reduced and fully oxidised forms, respectively. In
emeraldine the ratio of amine to imme mtrogen atoms is ~0.5. Electrically conducting
emeraldine is produced either by standard chemical or electrochemical oxidation.
During eiectrochemical polymerisation at pH 1.0, aniline is formed as 1ts electrically
conductive emeraldine form. Conducting polymers are those that permit some
electrical conductivity in at least one redox state (Grennan et al., 2006). The polymer
may be oxidised or reduced, so the conductivity of the polymer depends on its redox
state. Polyaniline has three redox states, as shown in Figure 5.2 which perrut the

polymer to exhibit either reasonable conductivity or insulating behaviour via its
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polarisation. Polyaniline is easily electropolymerised from an agueous solution of
aniline monomer, Biomolecules may be tnmobilised within the polvaniline (PANI)
matrix and for the purposes of this research anti-InlB antibodies have been
immobilised within PANI via an avidin-biotin coupling method (Cu er al , 2003;
Dong er al., 2004). Although only minute quantities of the biological component
(antibody) are required, higher punty offers greater reliability (Turner et al., 1989)
and so a highly concentrated and pure sample of antibody is necessary.

5.1.5 Chapter Outline

The main objective of this chapter was to explore the development a labeless affinity
biosensor for the rapid detection of Internalin B, a cell surface protemn of the bacterial
pathogen, Listeria monocytogenes. The methods utilised include electrochemical
polymerisation and biotin-avidin coupling for site-specific ummobilisation of
antibodies onto specialised bio-modified surfaces. An anti-InlB polyclonal antibody
was used for the development of ‘labeless’ immunosensor for the detection of
Internalin B. The anti-IniB polyclonal antibody was specifically immobilised at the
electrode surface via a series of surface modification steps. The sensors were then
probed with varying concentrations of InlB antigen (F3 fragment) and impedimetric
responses recorded. An anti-IgG antibody was also immobilised at electrode surfaces,
as a control and subsequently exposed to the same concentrations of InlB antigen.
Impedimetric data for the control sensors were also recorded. The antibodies act as
the capture biocomponents for the antigen under investigation. They are used for
impedimetric investigations into the binding event and associated processes, using the
concepts described by Grant ef @l (2003), to obtain affinity binding and signal
trapsduction  processing for the electrode platform assemblies. Complex plane
impedance analyses were used to relate the differing redox states of the polymer to
possible charge transfer mechanisms occurring at the interface and to explain how
these may be used to modulate the impedance of the polymer. The planar electrodes
and impedimeiric detection methods were subjected to reproducibility and control

analysis studies for assay validation.
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5.2  Labeless affinity sensing of Internalin B
5.2.1 Electrochemical deposition of Polyaniline (PANI) at sensor surface

The electrochemical formation of polymer layers of controlled thickness at electrode
surfaces via potentiometric deposition, gives rise to a reproducible method for
biosensor fabrication. In this case, polyaniline (PANI) was used, as it can be easily
electropolymerised from an aqueous solution of aniline monomer. Potentiodynamic
cyclic voltammetry was employed and PANI was laid down as a planar thin-film over
the working electrode of a carbon sensor as described in Section 2.11.3 (and by
Barton et al, 2004). A typical cyclic voltammogram fof the electrodeposition of
polyaniline (PANI) is shown in Figure 5.3. The working electrode potential was
scanned from —200mV to +800mV (vs. Ag/AgCl) at a sweep rate of 50 mV/s. The
buffer species, cycle number and polymerisation time were investigated to determine

the most efficient and reproducible method for polymerisation of the PANI films.

Oxidative (Anodic)

Current (microamps)
(=

20 - = —
40 - / Reductive (Cathodic)
.60 | L] L} LB L] L]
-0.3 -0.1 0.1 0.3 0.5 0.7 09
Potential / V (vs. Ag/AgCl)

Figure 5.3 Cyclic voltammogram showing the potentiodynamic electrodeposition of
polyaniline (PANI) as a thin-film on planar carbon screen-printed electrodes. The
working electrode potential was scanned from -200mV to 800mV (vs. Ag/AgCl) and

peak increases in anodic and cathodic current transients were recorded.
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Peak increases in both anodic and cathodic current transients were insignificant after
15 cycles, indicating that optimum conductive depositton had occurred and the
polymerisation was complete within ten minutes (Barton et al., 2004). The controlled
potential electrolysis of an aqueous solution containing monomers produces a suitable
surface for antibody immobilisation. The main advantage of electrochemical
polymernisation is that films can be prepared easily in a rapid one-step procedure.
Furthermore, this method enables exact control of the thickness of the polymer layer
based on the measurement of the electrical charge passed during the electrocherical

polymerisation.

The exact mechamsm of polymerisation 1s not fully understood and many authors
have reported possible mechanisms (Gospodinova and Terlemezyan, 1998; Losito et
al., 2001,). Anodic polymerisation is, however, known to proceed via a two-clectron
oxidation (Losito et al., 2001). The electropolymerisation of PANI is a self-regulating
process smce PANI is an insulating polymer and so the working electrodes become
fully insulated after 15 potential sweeps. This limits the deposition of further polymer,
thus regulating the final thickness of the film.

Electrochemical polymerisation 1s generally carried out in an acidic aqueous solution
of anline. A low pH is required to solubilise the monomer and generate emeraldine
salt, the conducting form of polyaniline (Eggins, 1996). Constant potential or
potentiodynamic techmques are employed since the over-oxidation potential for PANI
is close to that required for monomer oxidation. A short-term increase of the applied
potential to 800mV (vs. AgfAgCl) during deposition was reported to give more
adherent films (Barbero et al, 1993) and therefore is utilised in this case. The growth
of PANI is self-catalysing, whereby the greater the amount of polymer deposited at
the surface, the higher the rate of polymer formation. The mechanism for this, as
descnbed by Zotti ef al. (1998), involves the adsorption of the anilinium ion onto the
most oxidised form of PANI, followed by electron transfer to form the radical cation
and subsequent reoxidation of the polymer in its most oxidised state. During the
electrochemical polymerisation at pH 1.0, aniline is formed as the electrically

conductible emeraldine form.
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5.2.2 Preparation of biomolecules for affinity immobilisation

Antibody biotinylation was performed prior to all other sensor fabrication steps and
the biotinylated antibodies were stored frozen in working aliquots of 1mg/ml at -20°C.
To remove sodium azide preservative, the antibody was subjected to gel-filtration
usimg a Sephadex (G25) gel-filtration column prior to protem labelling, since sodium

azide can have an adverse effect on the biotinylation of antibodies.

The avidin-biotin system provides a powerful tool for research and analysis due to the
specific and high affinity (Ka = 10 * M ') interaction between avidin and biotin.
Biotinylated antibodies, enzymes and other biological molecules are increasingly used
as highly specific probes in immunological methods (Heggeness and Ash, 1977,
Gretch er al., 1987; Wilchek and Bayer, 1988,). There are a number of commercial
products and techniques available for the simple biotinyiation of biological molecules.
One of the most reliable commercially available kits is the ImmunoProbe™
Biotinylation kit from Sigma. This kit can be used to prepare biotin-labelled
polyclonal and monoclonal antibodies for use in a wide variety of applications such as
ELISA, immunobletting, immunohistochemistry and other immunosensing
techniques. This kit may also be used for conjugation of biotin to other proteins,

peptides, hormones or cytokines.

Biotinylation is often performed with N-hydroxysuccinimide (NHS) esters of biotin or
biotinamidohexanoic acid (BAC), (Wilchek and Bayer, 1988). The extended spacer
arm from the hexanoic acid greatly improves the interaction hetween avidin and the
biotinylated macromolecules by overcoming steric hindrance present at the biotin
binding sites of avidin (Green, 1965). For this application using the Sigma
ImmunoProbe™ Kit, biotinylation was performed with BAC-SulfoNHS, (Section
2.5.2.2). Sulphonation of the hydroxysuccinimide increases the polarity of the
reagent, allowing it to dissolve easily in aqueous buffer. The ester provides a carbonyl
carbon adjacent to the ester linkage, as a target for primary amine side-chains of
accessible lysine residues, which joins the biotinamidocaproate to the protein via an
amide bond (Immunoprobe biotinylation kit bulletin, Sigma). This derivative is
soluble mn water and biotinylation proceeds at near neutral pH values The reagent is
particularly useful when mild reaction conditions are required, for the biotinylation of

sensitive biomolecules such as antibodies, enzymes and cell surface protemns (Gretch
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et al., 1987). Following the labelling reaction, the biotinylated protein was separated
from unreacted or hydrolysed reagent by a fast-gel filtration step, using a PD-10
desalting column (Amersham Pharmacia). The column, prepacked with Sephadex G-
25, was used for the separation of unreacted BAC-SulfoNHS and buffer exchange.
The column with a bed volume of 9.1ml and a bed height is 5 cm was pre-swollen in
water containing 0.1% (w/v) Kathon® CG as preservative. Figure 5.4 shows the
elution profile of the biotinylated anti-InlB antibody, using 10ml of PBS (0.15M
NaCl, 2.5mM KCl, 10mM Na,HPO, 18mM KH,PO, pH 7.4), collected in Iml
fractions. The protein content of each fraction was momtored by measuring
absorbance at 280 nm and the fractions containing protein were pooled (Fractions 3-

7.
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Figure 5.4 Elution profile of biotinylated anti-InlB polyclonal antibody following
separation of unreacted biotin by fast-gel filtration using a PD-10 desalting column
(bed volume of 9.1ml and bed height of 5 cm). Elution was performed using PBS
(0.15M NaCl, 2.5mM KCI, 10mM Na:HPOy 18mM KH,PO, pH 7.4) and 10 x Iml
Jfractions were collected. The protem content of each fraction was determined by
measuring the absorbance af 280nm and the fractions containing the majority of the
biotinylated antibody {Fractions 3-7) were pooled for calculation of biotin content

using the avidin-HABA assay.
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The extent of biotinylated protein and ratio of biotin to protein were determined by the
avidin-HABA assay (Green, 1965). The absorption of avidin-HABA complex at
3500nm decreases proportionally with increased conceniration of biotin as the HABA
dye is displaced from avidin due to the higher affimity of avidin for biotin. Using a
ratio of BAC-Sulpho-NHS/ IgG of 10.1, the level of biotin incorporation was
determined to be approximately 4 moles of biotin per mole of anti-InlB antibody,

which is in ling with predicted values (Immunoprobe biotinylation kit bulletin, Sigma)

5.2.3 Affinity immobilsation of antibodies within polymer films

The major advantage of affinity immobilisation technigues is that there is no
biomolecule present when the polymer matrix is formed PANI can thus be
electrogenerated at the carbon sensor surface using optirnum deposition conditions
and any low pH effects on antibody are rendered irrelevant, as the antibody is
immobilised after polymer deposition. A 0.2M aniline solution was prepared in a
pH1.0 chloride buffer (0.5M KCl) to provide sufficient counter-ions for
polymerisation. Cyclic voliammetry was then performed at a scan rate of 50mV/s
from -200mV to +800mV and back to the starting potential (vs. AgfAgCl). A linear
sweep from -200mV to 4+800mV was performed at the end of cyclic voltammetry to
leave the polyamline in its conductive emeraldme salt form. The biotin NHS ester salt
was prepared in deionised water at a concentration of lmg/mil. The PANI-coated
sensors were submerged m the biotinylating solution (30ul) for 24hours. The biotin
coupled to the primary amines at the end of the polyaniline chain and to secondary

armunes throughout the polymer.

Neutravidin biotin-binding agent was prepared in de-ionised water at a concentration
of 10ug/ml. The neutravidin (30ul) was added to the working clectrodes of the
biotinylated sensors, by pipetting, and left to incubate for 1 hour (Section 2.11.4) The
sensors were then thoroughly flushed with de-ionised water to remove any non-
specifically weakly absorbed matter. The biotinylated antibody at a concentration of
Img/ml was defrosted and the sensor working electrodes were covered in the antibody
éolulion (100d) for another 1 hour period. De-1onised water was then used again to
thoroughly flush the sensors and remove any non-specifically bound antibody at the

end of the exposure
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Avidin-biotin attachment bridges were formed on the polymer films, by taking
advantage of the strong specific biological interactions between avidin and biotin
(Ouerghi et al., 2002; Dong et al., 2004). Biotinylated antibodies were specifically
coupled to the biotinylated polymer films via neutravidin, This method allowed
controlled immobilisation of biomolecules at the sensor surface. A schematic

representation of the immobilisation approach is illustrated in Figure 5.5.

Biotinylated antibody (control / sample) :

Neutravidin (avidin derivative)

Polyaniline surface

Planar carbon screen printed electrode

Figure 5.5 Schematic representation of biomolecule immobilisation onto polyaniline
(PANI) sensor surfaces via biotin-avidin coupling. Biotinylated antibodies, both
sample (anti-InlB antibody) and control (anti-IgG antibody) were specifically coupled
to the biotinylated polymer (polyaniline) films using the avidin derivative neutravidin,
which formed avidin-biotin bridges. This method allowed controlled immobilisation

of biomolecules at the sensor surface.

This approach for antibody immobilisation provides orientation-specific attachment of
a monolayer of antibodies at the surface of the polyaniline film. Optimum deposition
criteria can be utilised for polyaniline electrogeneration (low pH), since the antibody
is immobilised post-PANI deposition, and therefore, antibody attachment can occur at
neutral pH. In order to reduce any non-specific binding effects, BSA blocking
solution was prepared at a concentration of 10°M in dc-ionised water and the
electrode surfaces were submerged in this §01ution, for 1 hour at room temperature.
BSA does not contain endogenous biotin and therefore is compatible for use in

biotin/avidin systems as a blocking agent.
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5.2.4 Electrochemical impedance interrogation of PANI thin-film carbon
electrode platforms
Following electropolymerisation of the sensor surfaces with PANI, the electrodes
were modified as described in Section 2.11.4 and samiple and control antibodies were
site-specifically coupled to the sensors as per Section 2.11.5. Impedimetric data were
collected for the InlB-doped sensor between 10,000Hz -1Hz in PBS (0.15M NaCl,
2.5mM KCI, 10mM Na,HPO,4 18mM KH,PO, pH 7.4) i.e. buffer containing no
antigen, as a baseline trace. Four sensors were used for each experiment (two sample
and two control) and each sensor was interrogated in triplicate for reproducibility
analysis (six replicates in total). After 30 minutes exposure to buffer alone (bascline
trace), the sensor was flushed thoroughly with 50ml of PBS (as above) and the
impedance spectrum was recorded. This sensor was then exposed to increasing
antigen (1-100ng/ml) and the process was repeated for the full range of
concentrations. Six-matched sensor pairings (sample and control) were evaluated at
each conceniration and the corrected responses plotted. Spectra were analysed over
the full frequency range and for clarity represented in terms of percentage impedance

changes from the baseline impedance trace

The probing of the modified sensors with antigen (In1B F3 fragment), demonstrated
the principle of a labeless detection method for the L. monocyfogenes cell surface
protein InlB. Impedimetric data were collected for the anti-InIB-doped sensors after
exposure to increasing antigen concentrations (Ing/ml-100ng/ml), as described in
Section 2,11.6, Impedances were recorded for each InlB concentration over a range of
frequencies from 10,000-1 Hz. For construction of a calibration curve, a frequency of
1Hz was chosen for interrogations since this is the frequency which allowed the
greatest changes in impedimetric response to be observed. Initial examination of the
total overall impedance (Z) of each of the films at various concentrations of InlB,
allowed construction of a calibration curve. Three replicate measurements were
recorded on two separate electrodes for each antigen concentration and CVs of less

than 5% were determined (Figure.5.6).

273



145.0 1

135.0 1

125.0 -

Z (kOhms)

115.0 1

105.0 +——rTrrry——rrrrm VT T T T TR
0.1 1 10 104 1000

InIB conc. {ng/ml)

Figure 5.6 Calibration curve of InlB concentration at 1Hz. The calibration curve was
generated as a result of exposure of an anti-InlB loaded PANIfilm to increasing
concentrations of InlB (1-100ng/ml). The curve displays total impedance (Z) agamst
IniB concentration (ng/ml). Error bars are calculated from the standard deviations of
the mean value of three replicates on two separate electrodes and CVs of less than

5% were found.

Inttial examination of the total impedance of the anti-InlB loaded PANI thin-fiim
electrodes at various concentrations of InlB (1-100ng/mi) gave CVs of less than 5%
and the calibration profile showed near-linear behaviour between 1-100ng/ml. It can
be clearly observed from Figure 5.6 that the anti-InlB-loaded PANI thin-film
electrodes provide specific recognition sites for InIB detection. Increasing changes in
total impedance (Z) were attributed to the changes occurring at the electrode/polymer
interface, as a result of immunocomplex formation, whereby antibody-antigen binding

affected the electrochemical activity of the modified electrode surface.
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5.2.5 Specific recognition of IntB with anti-InlB-doped sensors (sample)

In order to differentiate between the mdividual components of the total impedance of
the system, both the capacitive and faradaic components of the composite
impedimetric respomse were vestigated. Electrochemical mmpedance spectra
obtained for anti-IniB-doped PANI thin-film electrodes, exposed to increasing InlB
concentrations were presented in the form of a Nyquist plot (Figure 5.7). The Nyguist
plot depicted the real (Z') and imaginary (Z'") components of the AC impedance of the
sensors, following exposure to InlB antigen (1 — 100ng/m).
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Figure 5.7 Nyquist plot showing the faradaic component (Z') against the capacitive
component (£") for anti-iniB-doped PANI-films on carbon electrodes, following

exposure 1o vartous concentrations of InlB (1-100ng/mi).

From Figure 5.7 it is apparent that the real (Z') component and the imaginary (Z™)
component of impedance both increased with decreasing frequency from the baseline
trace The impedance spectrum is indicative of a surface-modified electrode system
where the electron transfer is slow. However, Figure 5.7 also shows that the increase
m the real component (Z) dominated the total increase in impedance. It can therefore
be deduced that a charge-transfer mechanism between the antibody/antigen had

occurred, since a response corresponding to a change in the real component (Z')
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accounted for the largest increase in impedance observed (Stoynov, 1989; Pejcic and
De Marco, 2006). The real compenent yields data that are frequency independent
whereas the imaginary component is frequency dependent (Grant er al, 2005). The
unagiary component (Z") decreased slowly at greater antigen concentrations
(towards 100ng). This was expected as a change in the capacitive component is
indicative of frequency independent changes in the conductivity of the polymer film,
due to double layer charging effects. It was found that the Faradaic (real) component
of the impediumetric response acted as the dominant component of the ac impedimetric
response of anti-InlB loaded PANI films on exposure to increasing concentrations of
IniB,

For clarity, the vector quantity impedance can also be represented in the form of a
Bode plot (vs. log frequency). Data were plotted for the low frequency region (10Hz
to 1Hz) where the differences in the spectra obtained are greatest. The normalised
impedimetric response (Z/Zy) was then obtained by dividing the mean impedimetric
response at each InIB concentration (7)) by the mean impedimetric response at zero
InlB concentration (Zp), 1.e. the baseline signal with no antigen (Ouerghi et af., 2002).
This gave a normalised response that can be plotted against frequency in the form of a

Bode plot as shown in Figure 5.8.
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Figure 5.8 Bode plot showing the faradaic and non-faradaic changes in toial
impedance for anti-InIB-doped PANI-films on carbon electrodes following exposure

to various concentrations of InlB, normalised from baseline trace (Z/Zp).

The impedance of the system increased with exposure to increasing InlB antigen
concentration from the baseline trace up to 100ng/ml. The interaction of the protein
and the formation of stable antibody/antigen complexes could possibly account for the
changes in the resistive and capacitive properties of the conducting polymer thin-film
electrode. These effects were observed at frequencies lower than 10Hz. Figure 5.9
represents the data plotted as a percentage change in impedance from the baseline
values, in the lower frequency range (f < 10Hz), for the full range of antigen
concentrations (1-100ng/ml).
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Figure 5.9 Percentage impedance change from the baseline trace for increasing InlB

antigen concentrations (1-100ng/ml), in the frequency range 1-

10Hz, for InlB

sensors. The percentage impedance change increases for increasing InlB antigen

concentrations between 1-10Hz.

Figure 5.9 shows that the greatest percentage difference was observed at the applied

frequency of 1Hz, where the range of impedance change over concentrations from 1-

100ng/ml is 21-37%. The percentage impedance change at 1Hz was used to form the

basis of a calibration profile for differentiation of the various concentrations of InIB,

applied to the anti-IniB-doped PANI films on carbon host electrodes.
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5.2.6 Calibration curves showing faradaic and non-faradaic response of anti-

InlB-doped electrodes against increasing concentrations of InlB

The percentage impedance change from the baseline at 1Hz was used to form the basis
of a calibration profile for differentiation of vanous concentrations of InlB, applied to
anti-InlB antibody-doped PANI films on carbon planar electrodes. Figure 5.10 is the
calibration profile obtained at 1Hz where the greatest percentage impedance mcreases

at each concentration were noted.
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Figure 5.10 Calibration curve of InlB concentration at 1Hz. The curve was generated
as a result of exposure of anti-IniB-loaded PANI-films to increasing concentrations of
InlB at 1 Hz. The curve displays the percentage change in impedance for each InlB
concentranon (ng/mil), normalised against the baseline response (zero antigen). Ervor
bars are calculated from the standard deviations of the mean value of three replicates

on two separate electrodes (six replicates in toral).
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The faradaic response was represented as percentage impedance change for InlB-
doped PANI thin-film carbon electrodes, following exposure to increasing IniB
concentrations. The mean impedance value at each concentration () was normalised
agamst the mean impedance value at zero antigen concentration i.e. Z/Zg (Ouerghi ef
al., 2002). This calibration profile suggests that the technique offers a viable approach
for the labeless impedimetric detection and subsequent quantification of InlB antigen
F3.

An altemative method of representing the response of the anti-InlB doped polyaniline
coated electrodes to increasing concentrations of IniB is by observing the non-
faradaic or capacitive response of the system. In order to successfully use the ant-
InlB-doped PANI-coated clectrodes as a capacitance-based immunosensor, the type of
biomaterial immobilisation strategy was unportant. The polymer layer should be
nsulating to prevent interferences from redox couples in the electrolyte solution and
high faradaic background currents, otherwise increases 1n resistive current will apply,
thus decreasing the capacitance response (Pan, 2007). The biomolecule
immobilisation layer also needed to be as thin as possible in order to detect the tiny
capacitance changes caused by antibody—antigen interactions. The capacitive response
{C) can by calculated from the imaginary (Z") value at the predicted characteristic
frequency (Hays et al., 2006), using the following equation;

Equation 5.2 C=1V(2dZ"

where the charactenstic frequency (f) was determined as the frequency (Hz) where the
phase angle is closest to 90°, indicating that the system exhibits near ideal capacitor
behaviour (Berney ef al., 1998). For InlB-doped sensors, the characteristic frequency

was calculated to be approximately 28 Hz, as shown in Figure 5.11 and Table 3.2.
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Characteristic Frequency = ~28Hz

Phase angle (theta)

Frequency (Hz)

IniB conc. (ng/ml)
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100

Figure 5.11 Plot showing frequency vs. phase angle for each concentration of InlB

(1-100ng/ml). The characteristic frequency, where the phase angle is closest to 90~

was determined to be approximately 28 Hz.

The phase angle values at each antigen concentration were investigated and the

frequencies where values were closest to 90° were examined to determine the

characteristic frequency (Table 5.2).

Table 5.2 Determination of characteristic frequency for InlB-doped sensors

Frequency (Hz) —> | 3430 31.26 28.48 25.95 23.64 21.54
InIlB Conc. (nglml)

Ong 77.14 76.98 76.81 76.52 76.32 76.16

1ng 79.97 79.97 80.01 79.91 79.87 79.84

2ng 80.26 80.31 80.44 80.36 80.36 80.28

5ng 80.53 80.60 80.63 80.59 80.56 80.56

10ng 80.62 80.68 80.73 80.73 80.73 80.70

20ng 80.78 80.83 80.84 80.77 80.70 80.68

50ng 80.82 80.86 80.89 80.87 80.91 80.90

100ng 80.90 80.95 81.01 80.98 80.99 81.01
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In this case, a frequency of 28.48 Hz was chosen as the characteristic frequency since
the phase angle values at this frequency were closest to 90°. The mnon-faradaic
response of the immunosensor was determined from this characteristic frequency
value using Equation 5.2 and a calibration curve was constructed. Figure 5.12 shows
the calibration cuorve for the non-faradaic capacitive response against InlB
concentration for anti-InlB-doped PANI electrodes at the charactenstic frequency of
28.48 Hz.
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Figure 5.12 Calibration curve of the non-faradaic capacitive response against IniB
concentration (ng/ml) for anti-InlB-doped PANI-coated carbon electrodes at the
characteristic frequency of 28Hz. The characteristic frequency is the frequency where
the phase angle is closest to 90°. Error bars are calculated from the standard
deviations of the mean value of three rephcates on two separate electrodes (six

replicates in total).
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5.2.7 Non-Specific recognition of InlB with anti-IgG-doped sensors (control)
Using the same experimental procedures for InlB antigen exposure, the anti-IgG-
doped thin-films were exposed to increasing concentrations of InlB antigen. Control
experiments using anti-IgG-doped electrodes were used to validate the specificity of
the observed impedance responses for the anti-InlB-doped electrodes. Alfonta er al.
(2001) employed this method of usmg a non-specific antibody for control sensors.
Control sensors were fabricated in exactly the same way as the anti-InIB-doped
sensors and were exposed to increasing concentrations of InlB under the same
experimental conditions. The impedimetric responses were then compared and
specific impedance changes reported. Figure 5.13 shows the spectra obtained from the
control sensors, represented in the form of a Nyquist plot. This graph depicts the
faradaic and capacitive compouents of the AC impedance, of the control anti-IgG-
doped PANI-films following exposure to the same concentration range of InlB antigen
(1~-100ng/ml).
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Figure 5.13 Nyquist plot showing the faradaic component (Z'} against the capacitive
component (Z") for anti-IgG-doped (control) PANIfilms on carbon electrodes,

Jollowing exposure to various concentrations of InlB (1-100ng/ml).
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The faradaic component of the Nyquist Plot (Z') increased for increasing
concentrations of InlB exposed to the control sensors. However, the signal responses
were much lower than that of the specific response of Internalin B in the sample
Nyquist plots, (Figure 5.7). Saturation of the films (as the antigen concentration
increased), led to a decrease in the overall impedance (Z) observed on the control
sensors. It is possible that excess analyte could have given rise to an alternative
conduction pathway, which in turn reduced the total impedance within the cell (Sadik
et al., 2002). Figure 5.14 shows the normalised impedance changes (Z/Zo) from the
baseline trace for the lower frequencies (1-10Hz), for the control sensors in the form
of a Bode plot. This figure for InIB recognition on anti-IgG-doped films can be
directly compared to Figure 5.8 (anti-InIB-doped films).
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Figure 5.14 Bode plot showing the faradaic and non-faradaic changes in total
impedance for anti-IgG-doped PANI-films on carbon electrodes following exposure to

various concentrations of InlB, normalised from the baseline trace (Z/Z).

The Bode plot for InlB recognition on the anti-IgG-doped sensors (control) followed a
similar pattern to that obtained for increasing InlB concentrations on the anti-InlB
doped sensors, (Figure 5.8). The changes observed with respect to the baseline trace

for the control sensors, were comparable, albeit at much smaller values, indicating that
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the impedimetric response of the control sensors was not specific. Any increases in
impedance were due to non-specific interactions occurring at the electrode/solution
interface and were not a result of immunocomplex formation. Figure 5.15 depicts the
percentage impedance changes from the baseline trace for the control sensors. The
values of the specific responses obtained from the anti-InlB-doped sensors, where a
percentage change of 17% was reported, were greater than the control results (8%)

and as such differentiation between the two were possible.

InIB conc. (ng/ml)
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Figure 5.15 Percentage impedance change from the baseline trace for increasing InlB
anfigen concentration in the frequency range I-10Hz, for IgG (control) sensors. The
Ppercentage impedance change increases for increasing InlB antigen concentrations,

berween 1-10Hz. However, the overall increase in impedance is low (<8%),

For the control sensors, the total change in percentage impedance at 1Hz was <8%.
This increase in impedance was attributed to polymer effects at the electrode surface
(Souteyrand et al.,, 1994). Non-specific mteractions were minummsed by blocking and
the specific sample response determined by subtraction of the conirol response.
Ameur et al. (1997) reported a method for determining the specific signal of an
mmpedimetric sensor, as the difference in response to the injection of antigen between

a sample and a reference sensor (sample and control).
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5.2.8 Comparison of sample and control data

Figure 5.16 shows the calibration profile obtained at 1 Hz, for InlB recognition on the
control sensors. This figure can be directly compared to Figure 5.10 for InlB
recogmition on the sample sensors (anti-IniB-doped) where the specific antibody-

antigen response is shown.
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Figure 5.16 Calibration curve of InlB concentration at 1Hz. The curve was generated
as a result of exposure of anti-IgG-loaded PANI-films (control sensors) to increasing
concentrations of InlB at 1Hz. The curve displays the percentage change in
wnpedance for each InlB concentration (ng/ml), normalised against the baseline
response (zero antigen). Error bars are calculated from the standard deviations of the
mean value of three replicates on two separate electrodes (six replicates wn total).
However, they are difficult to distinguish from the symbols used to plot the data
points, since the error is so small, indicating that the overall percentage change was

minimal.

286



Figure 5.16 suggests that the anti-IgG doped PANT thin-films showed a small degree
of mteraction with InlB antigen and to a certain extent this was to be expected due to
the anti-IgG antibody being polyclonal in nature. It is also possible that irreversible
non-specific adsorption of InlB to the conductive film may have occurred, due to
polymer effects at the electrode surface. The percentage change in impedance for the
sample sensors using the anti-IniB antibody and InlB antigen was greater, showing a
definite interaction and therefore this technique could be employed for the specific
detection of InlB. Control experiments were also carried out to imvestigate the
observed resistive and capacitive changes of the PANI thin-film electrodes with no
antibody present, to assess and subsequently minimse non-specific interactions at the
sensor surface. Impedance effects were observed at the electrode/solution interface
for thin-films contamning no immobilised antibody. This provided additional
information on polymer behaviour at the electrode surface, and, as such assisted in the
understanding of the non-specific impedance effects on control sensors. The thin-film
electrodes were exposed to InlB over the full concentration range previously
employed (1-100ng/mi) and the impedance data were recorded as before (Section
2.11.6). Figure 5.17 shows the Nyquist plot depicting the real and imaginary

compoenents of impedance (Z' & Z'").
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Figure 3.17 Nyquist plot showing the faradaic component (Z') against the capacitive
component (Z") for PANI-films on carbon electrodes, containing no antibody,

following exposure to various concentrattons of InlB (1-100ng/mi).
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It was immediately obvious that even though no antibody has been immobilised
within the PANI tlun-film, an almost identical response was observed to that when
anti-IgG-doped sensors were exposed to InlB. These resulis suggest that the
impedance changes encountered were not solely due to the specific interaction of
antibody with antigen and subsequent complex formation. It is proposed that
irreversible non-specific adsorption of antigen to the PANI thin-film surface had
occurred and this partially accounted for the changes (increases) in both the resistive
{Z"y and capacitive (2"} components of the system impedance. It was also observed
that this non-specific adsorption increased with exposure to increasing antigen
concentration. This was likely due to the nature of recombinant [niB protein, in that it

inherently has a high affinity for adsorption to surfaces.

Another possibility is that there may have been underlying conformational and
structural changes within the PANI thin-films themselves over time, when exposed to
the buffered antigen solutions, that may be responsible for the impedance changes
observed (Myler et al., 2004 and 2005). These may include the proton doping of films,
wet-up and polymer swelling (Eggins, 1996) all of which can have an effect on the
impedimetric response of the thin-film, causing non-specific increases in impedance
over time, even in the presence of no antibody. However, the observed responses for
the sample sensors with respect to the control responses were significantly smaller,
which allowed deduction of a true signal based on the specific impedimetric response
of the sample sensors {as a result of antibody-antigen binding). Any effects as a result
ol non-specific interactions were reduced in two ways: by blocking with BSA and by
correcting the specific 1impedance response by subtracting the control plots (IgG) from
the sample (InlB) plots.
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Figure 5.18 shows that although anti-IgG-doped PANI thin-films show a degree of
interaction with InlB antigen, it is sufficiently lower than those of the anti-IniB-doped
sensors, thus allowing deduction of the sample signal and construction of a calibration

curve for the detection of IniB.
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Figure 5.18 Calibration curve showing the percentage impedance change from the
baseline trace for increasing InlB antigen concentrations, at a frequency of 1Hz (5mV
a.c) for both sample (InlB response) and control (IgG response) sensors. Error bars
are calculated from the standard deviations of the mean value of three replicates on

two separate electrodes (six replicates in total),

By subtracting the control response (IgG) from the sample response (InlB), the
background signal could be eliminated and a true representation of the events
occurrng at the sensor surface could be deduced. This corrected response (sample

data minus control data) is shown in Figure 5,19,
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Figure 5.19 Corrected calibration curve showing the percentage impedance change
from the baseline trace for increasing InlB antigen concentrations, at a frequency of
1Hz (5mV a.c). Error bars are calculated from the standard deviations of the mean

value of three replicates on two separate electrodes (six replicates m iotal).

Figure 5.18 shows both the specific and control responses of the antibody-doped
sensors for the concentration range 1-100ng/ml. However, there is a significant
difference between the two curves at 1ng/ml, which indicates that that there was some
useful range to be explored below that concentration. Indeed, taking into account the
data presented in the correcied calibration curve shown in Figure 5.19, it seems that
the slope of the curve is highest at lower concentrations. It is reasonable to expect the
full plot to be S shaped and, therefore, there is some space at lower concentrations to
be explored. The Nyquist plot in Figure 5.7 confirms this, showing that the sensor was
saturating towards the upper concentrations and that a significant gap between the
baseline response and the response at the lowest concentration of 1ng/ml was present.
This suggested that the sensor strategy could be useful for exploring picogram levels

of Internalin B and so a range of lower concentrations were examined.
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5.2.9 Investigation of specific InlB response at lower concentrations

Experiments were performed in exactly the same way as before except that lower
concentrations of amtigen were investigated (1-100pg/ml). Anti-InIB antibody at a
final concentration of 1 mg/ml was incorporated into the thin-films of electrodeposited
PANI at planar carbon electrodes, via affinity immobilisation as before (Sections
2.11.3 and 2.11.4). Following the immobilisation of antibody, EIS was then
performed to interrogate the sensor electredes. Antibody-loaded PANI thin-film
electrodes were then exposed for 30 mnute ttme periods to increasing concentrations
of antigen. After 30 minutes exposure to a single concentration, the working electrode
was flushed with phosphate buffer and the impedance trace was then recorded in
phosphate buffer alone between 1Hz to 10000Hz. This process was then repeated for
the full range of antigen concentrations (1-100pg/ml). A representative Nyquist plot
depicting the variation of the resistive (Z") and capacitive (Z") components of the
vector quantity impedance is shown in Figure 5.20, for the anti-InIB-doped thin-film
carbon sensors following exposure to increasing concentrations of [niB antigen (1-
100pg/mi). The bascline irace was recorded after a 30-minute stabilisation period in

the buffer alone to reduce polymer swelling and wet-up.
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Figure 5.20 Nyquist plot showing the faradaic component (Z’) against the capacitive
component (Z'°) for ann-InlB-doped (sample) PANI-films on carbon electrodes,

Jfollowing exposure to various concentrations of IniB (1-100pg/ml).
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Figure 5.20 shows that there were increases over time for both resistive (Z') and
capacttive (Z') components of impedance. Both of these components increased with
increasing antigen concentration exposure. The greatest impedance changes were
observed at the lower frequencies with the lghest impedance changes from the
baseline response, measured at 1Hz. The spectra obtained are gencrally indicative of a
modified electrode where the impedance is controlled by the interfacial electron

transfer within the entire range of the applied frequencies (Katz and Willner, 2003).

Figare 5.20 does, however, display spectral responses that tend slightly more towards
those of a modified electrode where the impedance is mainly controlled by diffusion
of the redox species. It can be seen from Figure 5.20 that the resistive component of
impedance (Z') has a negligible increment for increasing IniB concentration at 1Hz.
However, the capacitive component (Z') is seen to increase, agamn at 1Hz, following
exposure to increasing antigen concenfrations (1-100pg/mi). It can therefore be
deduced that the specific interactions of antibody and antigen resulted in a charge
transfer mechanism and this charge transfer mechanism was responsible for the
observed changes in the Z' and more evidently the 7" component of the measured
mnpedance.  Buffer solution effects were minimised by including a
30-minute stabilisation period, whereby the electrodes were left in buffer for 30
minutes prior to the recording of any impedance measurements. This allowed the
electrodes to stabilise within the buffer solution and hence, any observed increases in
7' and more evidently Z" after this stabilisation period, could only be attributed to the

specific interaction of antibody and antigen at the polymer surface.
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Figure 5.21 shows a calibration curve representing the total impedance of the system

plotted against InIB concentration (1-100pg/ml).
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Figure 5.21 Calibration profile showing percentage impedance response against nlB
concentrations (1-100 pg/ml) for anti-inlB-doped PANI-coated electrodes at 1Hz.
Error bars are calculated from the standard deviations of the mean value of three

replicates on two separate electrodes (six replicates in total),

Figure 5.21 shows that there is a quasi-hnear response for the percentage impedance
change when measured against InlB concentration in the picogram range. This
technique therefore, offers a viable approach for the detection and subsequent
quantification of InlB over a range of concenirations (1-100pg/ml). Data were fitted to
a 4-parameter equation using Biaevalnation™ software and a limit of detection of
1.3pg/ml was found using the 3 sigma method. However this limit of detection only
took into account the uncorrected response of the system, whereby the background
signal from the anti-IgG-doped (control) sensors had not been subtracted. This meant
that the influence of non-specific interactions on the total impedance of the system

was not represented, and background impedance could still be contributing to the
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overall signal. In order to eliminate the background impedance (and as such the non-
specific response of the system) the impedimetric response from the control (IgG)
sensors was subtracted from the sample (InlB) sensors and the corrected response of
the system determined. A calibration profile showing the percentage change in
impedance against antigen concentration for both the sample (InlB response) and

control (IgG response) sensors was first constructed, (Figure 5.22).
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Figure 5.22 Calibration curve showing the percentage impedance change from the
baseline trace for increasing InlB antigen concentrations, at a frequency of 1Hz {(5mV
AC) for both sample and control doped sensors in the picogram range. Error bars are
calculated from the standard deviations of the mean value of three replicates on two

separate electrodes (six replicates in total).
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The signal from the control sensors (6 replicates) was then subtracted from the sample
response (6 replicates) and a corrected limit of detection of the system was calculated.
Figure 5.23a shows the corrected response (sample minus control) of the
impedimetric sensor for InlB detection. The lower himit of detection of the system
was calculated using the 3 sigma method and the data fitted to a 4-paramater equation

using Biaevaluation™ software This 15 shown in figure 5.23b,

0.50 -
0.45 -
0.40 -
0.35 -
0.30 -
0.25 1

0.20 1

Corrected impedance change (%’

0.15 -

0.10 T T T =TT rTIT——r—T—rrrrm
0 1 10 100 1000

IniB Conc. (pg/ml)

Figure 5.23a Corrected calibration curve showing the percentage impedance change
from the baseline trace for increasing InlB antigen concentranons (1-100pg/ml), at a
frequency of 1Hz. Error bars are calculated from the standard deviations of the mean
value of three replicates on two separate electrodes (six replicates in total) for both
the sample and control sensors. The corrected percentage change in impedance was
calculated by plotting the difference between the sample and control sensors

(calculated by subtraction} against InIB concentration (pg/ml).

295



EII}

- /

| /

/

- /

Corrected Impedance change (%)
.

m 1 n 1m

IniB conc. (pg/ml)

Figure 5.23b Calibration curve showing the corrected response of the system for IniB
detection. The data were fitted to 4-parameter equation using Biaevaluation software,
for calculation of lower limit of detection using the 3 sigma method. The curve
displays total impedance (Z) against InlB concentration. The lower limit of detection

(LOD) is equal to 4.1pg/mi

The results were favourable suggesting that the anti-InlB antibody/InlB F3 antigen
pair tested in the lower concentration range {picogram) yielded a viable technique for
labeless impedimetric immunosensing of IniB, where the lower hmit of detection for

the corrected response was determined to be 4.1pg/ml.

296

o



5.3 Discussion

The development of a generic platform for the ‘labeless’ transduction of bindmg
events was exarnined in this chapter. The InlB protein fragment F3 was used in
association with an anti-InIB polyclonal antibody for ‘labeless’ sensing of InlB
binding using an electrochemical immunosensor. Polyaniline was successfully laid
down as a conductive thin-film layer on planar carbon electrode surfaces, which
facilitated antibody immobilisation within the thin-film. Sensor medification with
neutravidin and biotn allowed site-specific coupling of the antibody to the
polyaniline matrix. Formation of antibody-antigen complexes on conductive supports
yielded a chemically modified film on the surface which altered the impedance
features of the interface (Pritchard et al, 2004). The preparation of stable sensor
surfaces is an important consideration for reproducibility, and in order to measure low
protein concentrations, a thin sensing layer with a high capacitance is required. The
formation of the antibody/antigen complex on such a surface perturbs the double-
charged layer existing at the electrode/electrolyte interface, resulting in an increase of
its thickness and the insulation of the electrode. This causes both capacitance changes

and electron transfer resistance changes at the interface (Katz et al., 1998 and 2001).

Impedimetric interrogation of the thin-film carbon sensors yielded positive results
with more rigorous, reproducible data collected at the lower end of the frequency
range (1-10Hz). The specific interactions and resultant complexes formed gave rise to
an overall increase in terms of impedance change from the baseline response, at the
electrode/solution interface. Impedances were recorded by multiple interrogations of
both sample and control sensors (6 replicates), with InlB-F3 antigen. Plots of the real
(Z" and imaginary (Z") components of the impedance, at a specific frequency (1Hz),
provided information for construction of calibration curves. Initial mvestigations of
this sensor system explored the labeless detection of InlB in the nanogram range.
However, there was significant evidence that lower detection levels could be achieved
so further exploration of the sensor strategy was performed. Lower concentrations of
antigen were examined under the same conditions and a detection range of 1-
100pg/ml was found. The results were favourable suggesting that detection of the
anti-InIB/InlB pair in the picogram range was a suitable method for the labeless
impedimetric immunosensing of IniB, where the lower limit of detection for the

corrected response was determined to be 4.1pg/ml.
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Affinity sensors employing electrochemical methods, offer good possibilities for the
sensitive detection of unlabelled biomelecules such as protemns and peptides. Sargent
and Sadik (1999) described a method for the detection of human serum albumin
(HSA) using conducting polypyrrole electrodes and impedance spectroscopy
techniques. They studied the capacitive behaviour of antibody-doped thin-film
electrodes in the presence of antigen, as was demonstrated in this chapter. The theory
of charge generation in the polymeric domains are predominantly responsible for the
analytical signals observed in such investigations and form the basis of the labeless

immunosensor presented in this chapter.

Lillie er al (2001) developed a labeless bioaffinity sensor for the detection of
lutenising hormone using polypyrrole-doped interdigitated electrodes and cyclic
voltammetry. They demonstrated that immobilised protein in a conducting film could
be indirectly recognised using electrochemical methods, allowing the sensitive
transduction of binding events following exposure to the desired amalyte. This
suggested that the thin-film structure of antibody-doped electrodes is altered upon
occurrence of a bioaffinity reaction and the monitoring of the resulting
electrochemical events, permits the sensitive detection of analytes on such surfaces.
Alfonta et al. (2001), reported on the use of faradaic impedance spectroscopy and
chronopotentiometry as transduction methods for biorecognition events at modified
electrode surfaces for the detection of enzymes, DNA and antibodies. This system
focused on the biccatalysed precipitation of insoluble product produced on electrode
supports and subsequent transduction of the precipitation process using faradaic
impedance spectroscopy and chronopotentiometry. Information on the electron-
transfer resistances of the electrodes covered by the msoluble product can be derived
thus providing vital information on the total electrode resistances at the conducting
supporis. Katz er al. (2001) describe a similar strategy for the development of an
affinity sensor based on the bio-catalysed precipitation of an insoluble product on
modified electrodes. The precipitation of the product onto the electrode allows
amplification of the underlying biorecognition event occurring on the electrode
surface. Therefore, the amount of precipitate generated is controlled by the original
concentration of antibody-antigen and the time interval for precipitation, allowing

sensitivity to be controlled by these parameters.
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Direct immunosensors based on impedance measurements have also been developed,
using antibodhes or antigens immobilised at electroactive polymer-coated electrodes.
Kharitonov ef al. (2001) presented a similar study based on the electrochemical
probing of bioaffinity interactions using both impedance spectroscopy and
chronopotentiometry. Gramt et al (2003) describe a label-free, reagentless
immunosensor for the detection of BSA, with a linear response from 0-75ppm
reported while Myler et al. (2004 and 2005) showed the development of
microelectrode  arrays for the immunosensing of ethanol. Electrochemical
immunosensors offer good possibilities for sensitive detection of uniabeled proteins,
with potential for reusability possible. The most significant problem encountered with
these sensors, however, is the contribution of non-specifically adsorbed proteins to the
overall signal. In many cases, this contribution is disregarded; however, methods to
correct for the specificity of the signal have been described, (Ameur et al., 1997),
whereby the control sensor response to antigen probing can be subtracted from the
sample signal to give corrected response. This technique was adapted for the affinity
sensing of InlB, described in this chapter.

Sensors based on the immobilisation or entrapment of immunomolecules (antibodies
or antigens) onto modified electrode surfaces, for subsequent detection using
electrochemical methods are becoming increasingly popular for rapid and sensitive
detection of biologically mnportant analytes. In conclusion, tremendous improvement
in the sensitivity of immunosensing can be achieved using ‘labeless’ affinity sensors,
such as the one presented here for the direct and specific detection of InlB. This
technique could be further developed for the rapid detection of bacterial protein
markers 1n real samples using a multiplexed set-up. Antibodies directed against a
number of protein markers specific for the detection of different bacterial pathogens
could be tmmobilised on electrode surfaces, thus enabling the rapid and sensitive
detection of such pathogens using ‘labeless’ impedimetric techniques. The potential
of the ‘jabeless’ affinity sensor, described here as viable method for the detection of
biomolecuies, highlights the importance of impedance-based detection in the evolving

field of immunosensors.
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6.1 Overall conclusions and future work

The aimn of thus thesis was to develop novel biosensing strategies for the detection of
biologically important analytes using both optical and electrochemical methods. A
number of transduction approaches were investigated for improved immunodetection
of a small hapten, bacterial proteins, whole cells and IgG. The specific targets chosen
for immunoassay development were Internalin B, an invasion-associated protein of
Listeria monocytogenes; parvovirus B19, the first human parvovirus; warfarin, the

ninth most prescribed drug n the world and human [gG.

Biosensing methods rely on a number of key clements for successful operation and
these include; biomolecule immobilisation strategy, analyte biorecognition, platform
design, presence or absence of labels, detection strategy and system used. Each of
these components plays an important role in the ability of the sensor to sensitively
detect the analyte under investigation. Therefore, the work described in this thesis
focused on a number of topics associated with these elements in order to generate
novel assays for improved detection of target molecules. The generation of novel
reagents using molecular cloning techniques, for improved detection of the bacterial
protein Internalin B from I monocytogenes was assessed. Novel fluorescent labels
with better optical properties were also exammed and the advantages of such probes
in the development of novel immunoassay formats were discussed. Fluorescence and
impedance-based detection systems were studied and a number of platforms were
assessed including microtitre plates, polymer chips with enhanced fluorescence
capture capabilities and screen-printed electrodes incorporating electroactive thin-
films. Sensor platforms, mcorporating specially designed materials for enhanced
immobilisation and thus biorecognition can be used for the improved detection of
analytes (Pavlickova et al, 2004; Wingren ef al., 2005). In the research described in
this thesis, chemical, electrochemical and physical modifications were mvestigated.
Surface modification of polymer substrates for biochip applications,
electropolymerisation of electrodes for immunoassay development and the thin-film
deposition of biocompatible surfaces for implants were studied. The development of
new and improved biosensing strategies, incorporating novel transduction methods,

both labelled (fluorescence-based) and un-labelied (impedance-based) were evaluated.
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Chapter 3 focused on exploring a key element in immunosensor design,
biorecognution. The development of new and improved antigens and antibodies using
antibody engineering and recombinant protein techniques, promotes biorecognition at
sensor surfaces, by generating highly specific targets and tailored antibodies with
mncreased affinities and specificities. The cloning and subsequent high-level
expression of the recombinant InlB fragments F3, F4 and F5 created alternative InlB
antigenic determinants for immunoassay development. The InlB recombinant protein,
that was previously cloned and expressed (Leonard, 2003), was sub-divided into three
shorter overlapping peptide fragments which were cloned into the Qiagen pQE-60
expression vector for His-tag purification and expressed in E. coli. The protemn
fragments were optimised for maximum expression and purified using IMAC. The
purified proteins were characterised SDS-PAGE and Western biotting. The His-
tagged protein fragments (pQE-60) were assessed for immunoreactivity with a panel
of anti-InlB antibodies to see which portion of the recombinant IniB protein contained
the epitope for antibody binding. Through a series of Western blotting experiments
the antibody-binding region was located in the first 248 amino acids of the protein (F3
fragment), near the ‘leucine-rich’ repeats (Section 3.3.7). Freiberg et al. (2004)
reported that this region is highly stable against thermal denaturation and plays a
critical role in the in vivo stability of Intemnalin B. The F3 fragment was thus used for
all further assay development and characterisation since it was defined as the most
immunoreactive portion of the entire InlB protein. This made antigen preparation far

simpler, eliminating the need to grow and purify the rest of the protein.

The InlB fragments were also successfully cloned into the pAC4 expression vector for
in vivo biotinylation. The in vive biotmylated fragments were expressed in E.colt and
purified using monomeric avidin affinity chromatography. The purified fragments
were characterised vsing fluorescence-based immunoassays with streptavidin-linked
fluorescent probes and Biacere {(Section 3.4.2). The in vivo biotinylated F3 fragment
was successfully immobilised onto a CM5-dextran chip that had been modified with
neutravidin for the specific capture of the protein fragment. The immobilised surface
was subsequently used in a Biacore-based inhibition assay for the detection of InlB.
The biotinylated I3 fragment was also shown to be a useful reagent for fluorescence-

based detection using fluorescent labels such as Cy3, FITC and quantum dots. This
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highlighted the potential role of the in vive biotinylated InIB fragments in the further
development and optimisation of both fluorescence-based and Biacore-based assays

for the detection of Internalin B protein and L. morocytogenes cells.

Chapter 4 focused on fluorescence-based detection and alternative platform designs.
Fluorescence-based detection is a highly sensitive and safe method for the sensing of
target molecules. The evaluation fluorescence-based methods for detection of analytes
were therefore examined on two different platforms; microtitre plates and polymer
chips with cone assemblies. Fluorophores can be covalently attached to
macromolecules and the emission of these flnorescent probes can be from UV to NIR.
Probes are available with short (nanosecond) to long (micro to millisecond) life-times.
Current trends in fluorescent labelling for biological applications lie with a number of
emerging technologies e.g. quantum dots and nanocrystals. The evolution of these
tags coupled with advances in functionalisation methods for biomolecule attachment
gives rise to a new generation of sophisticated labels suitable for high throughput
screening in diagnostics. The use of novel probes such as quantum dots and porphyrin
labels for the detection of InlB and warfarin in plate-based competitive assays was
successfully demonstrated (Sections 4.3 and 4.4). Puture work could include further
optimisation of conditions to improve assay sensitivity and limits of detection for
warfarin and Internalin B and subsequent assessment of fluorescence-based assay
sensitivities using real sample analysis (Findlay ez al., 2000). In the case of warfarin,
spiked urine samples could be assayed to investigate if the fluorescently-labelled
antibodies could detect warfarin in a complex matrix of clinical significance (Capitan-
Vallvey et al., 1999). While, for InlB detection, real sample analysis in chocolate milk
could be examined, since it is the most common source of L. monocytogenes in food
(Doganay, 2003).

Quantum dots were also used in an immunostaining application for the imaging of
whole L. monocyfogenes cells (Section 4.5), where photostability and brightness are
key factors. Future work could include the multiplexing of quantum dots with other
labels for immunostaining applications, thus allowing the multiple staining of cells

with a single excitation source.
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Nanoparticles are another group of morganic probes that are highly compiex,
spectroscopically tailored tags that can be used to improve assay sensitivity,
reproducibility and multiplexing capabilities. The synthesis and characterisation of
ruthenium-doped nanoparticles was shown (Section 4.6). The use of such particles for
the detection of biological molecules (in this case human IgG), in fluorescence-based
immunoassay formats was successfully demonstrated. Nanoparticles can be easily
functionalised for biomolecule attachment and are consistently brighter and more
robust than traditional fluorescent probes. The ruthenium-nanoparticles described in
this thesis were up to 20,000 brighter than their constituent dye and provided a 60 fold
increase in sensitivity for the detection of human IgG, when compared with
ruthenium-labeled antibody. The potential of dye-doped nanoparticles as important
reagents for the future of fluorescence-based detection is apparent, especially if

coupled with the chip-based methods described in the following paragraphs.

The use of polymer chips with cone assembli¢s as suitable platforms for the chip-
based detection of InIB and the parvovirus capsid protein VP2 was examined
(Sections 4.4.5 and 4.7). The establishment of preliminary assays on the optical
enhancement structures was successful, and, although significant optimisation is stili
required, the methodology looks promusing to bring about signal enhancement and
ultimately, increased sensitivity. Significant developments have been ongoing within
the NCSR to further improve the optical enhancement structures. These have included
a change in the material used for fabrication and a change in the design of the cone to
a paraboloid structure, increasing the light collection efficiency still further, and
improved precision leading to better defined optical performance. Further
improvements in the detection system to allow the incorporation of suitable filters and
excitation sources, would permit the use of novel fluorescemt labels such as
nanopatticles and quantum dots in chip-based assays. This will have a significant

influence in the area of fluorescence-based analysis in the near future.
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Chapter 5 examined the use of a ‘labeless’ impedance-based sensor for the detection
of InIB. Polyaniline was successfully laid down as a conductive thin-film layer on
planar carbon electrode surfaces. This facilitated the immobilisation of antibody
within the conducting thin-film at the electrode surface. Sensor modification with
avidin and biotin aliows site-specific coupling of the antibody to the polyaniline
matrix. Impedimetric interrogation of the thin-film carbon sensors yielded positive
results, whereby data at the lower end of the frequency range (1-10 Hz) showed the
greatest consistency. The specific interactions and resultant stable complex formed
gave rise to an overall increase in terms of impedance change from the baseline
response at the electrode assembly/sclution interface, This indicated that impedance-
based detection was a suitable method for the labeless immunosensing of InlB, where

the lower lumit of detection for the corrected response was determined to be 4.1pg/ml.

Puture work on this sensor system could include further investigation of the specific
protein interactions occurring at the antthody-doped thin-film sensor surface, in order
to enhance antibody orientation and therefore improve immune complex formation.
This would provide the possibility to control and improve the composition of the
biomolecule-polymer layer and particularly the biomolecule loading. The loss of
biomolecule in the aqueous electrolyte during polymer formation can be determined
by measuring the biological activity or the protein content of the electrolyte medivm.
Therefore the real quantity of biomolecule entrapped could be determined by looking
at the difference between the initially deposited amount and the amount loss to the
electrolyte. Optimisation of antibody-loading in such a way would enhance the
operational capabilities of the sensor. Further work could also include testing the
‘labeless’ mapedimetric sensor 1n real samples for the detection of L.monocytogenes
cell surface proteins ie. spiked milk and food samples. By examining the sensors
using representative samples, a rough estimate of the systems applicability with real-

world samples for the detection of Internalin B, could be examined.
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In conclusion, the key merit of the work presented in this thesis lies in the
demonstraied potential applications of novel antibody-based biosensors for the
detection of haptens, proteins and whole cells. The results clearly emphasise the
possible use of novel antigens {Chapter 3), novel labels and associated detection
platforms (Chapter 4), and novel transduction strategies (Chapter 5) in the
development of improved sensing techniques for the detection of clinically significant
targets, The methods shown for eshanced fluorescence-based detection could be
further improved by combining the described fluorescence-based assays using novel
fluorescent labels (quantum dots and nanoparticles) with the polymer chip platforms
(with cone structures for optical enhancement), in order to develop highly sensitive
and reproducible methads for the detection of IniB, warfarin, VP2, higG and many
other analytes. The results also show the successful integration of an improved
antigen for InlB sensing (F3), within a ‘labeless’ impedance-based sensor platform to
facilitate the sensitive detection of InlB. The results highlight the suitability of In!B
F3 as a marker for the specific immunodetection of InlB and the potential vse of
impedance-based transduction for the detection of many targets using a non-invasive

‘labeless’ technique.
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Appendix:
PECVD of Biocompatible coatings on 3161

stainless steel for arterial stent applications.
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Al Introaduction

This section describes the strategies involved in assessing the biocompatibility of
silica-like thin films, deposited on stainless steel by Plasma Ephanced Chemical
Vapor Deposition (PECVD). The main application of such coatings is the fabrication
of arterial stents and, therefore, biocompatibility of the material is a key issue.
Medical devices are subject to strngent controls and safegnards, under EU law and
are subject to rigorous testing prior to use. The component materials of medical
devices may leach compounds, or have undesirable surface characteristics, which
render them unsuitable for clinical use. Biocompatibility is defined as ‘the ability of a
material, device or system to perform without a clinically sigmficant host response in
the specific application’ (Gurland, 1994). Preliminary biocompatibility studies in the
early R&D stage of a biomaterial, generally employs the use of cell culture models for

initial characterisation.

A2 Thin film composition & behaviour

SiOxCyHz films are produced by plasma polymerization of hexamethyldisiloxane
and oxygen, This study details the varation of the SiOxCyHz film properties
deposited on 316L stainless sieel in a RF reactor. The films were characterized for
their hardness, hydrocarbon content and wettability. The film properties are found to
be dependent on the Oxygen/HMDSO flow ratio and RF power. The film-tissue
interaction depends on the hydrophobicity or hydrophilicity of the film; therefore, the
wettabdity of the film was measured by contact angle analysis. Preliminary
biocompatibility studies were carried out vsing Rat Aortic Smooth Muscle (RASM)
cells. The data collected for assessment of cell proliferation, viability and toxicity are

presented.

The biomedical behaviour of implanted material can be altered by modifying its
surface properties, without affecting the bulk mechanical properties (Li et al., 1998).
Plasma polymerized hexamethyldisiloxane (HMDSO) films deposited by PECVD is
found to improve the cell activity at the implant-tissue interface (Hayakawa et al.
2004). The success of a biomaterial depends on the nature and composition of the first
adsorbed protein layer and 1ts activation rather than on the surface chemistry of the

implant (Nimeri ef al., 2002). The protein adsorption and implant-tissue inieraction is
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dependent on the hydrophobicity and hydrophilicity of the surface (Janocha et al.,
2001). Several studies have reported the possibility of tuning the film properties by
varying the OQ./JHMDSO ratio and RF power, (Vautin-Ul er al, 2000) but less
attention has been paid to the contact angle variation with plasma parameters
(Behnisch ez al., 1998) We have investigated the variation of water contact angle with
O./HMDSO ratio, pressure and RF power. Preliminary characterisation to assess the
biocompatibility of the films has been carried out and initial results of cell
proliferation, viability and toxicity is presented for different O/HHIMDSO ratio.

A3 Biocompatibility testing
To study the bioresponse of the films, rat aortic smooth muscle (RASM) cells were

cultured in standard 75cm: cell culture flasks in a cell culture medium composed of
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal
calf serum (FCS), 2% (v/v) L-glutamine and appropriate antibiotics (Detailed in
Section 2.12.1). The cells were grown at 37°C in a humidified atmosphere with 5%
CO2 The thin film coated samples were seeded in 24 well culture plates at a density
of 10,000celisfml (Villa et al., 2002). Each baich of samples was plated in triplicate
for both the MTT assay and cell proliferation and viability determination, with

appropriate controls. Assays were conducted on Days 2, 4 and 6.

A4 Cell proliferation & viability
Cells were grown (Section 2.12.1). On day 2, 4 and 6 of the experiment, samples

were removed for morphological analysis post incubation in culture and the cultured
cells assessed for cell proliferation and viability, by Trypan blue vital dye staining.
The trypsinised cells were counted as per Section 2.12.3 and viability calculated. This
process was repeated on days 4 and 6 of the experiment and the data complied
graphically (Figure Al). The cells from wells containing untreated substrates and no

substrate were also tested as controls.
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Figure Al Initial results of the cell proliferation & viability tests, which are
determined by Trypan blue staining and counting with a Neubauer haemocytometer.
The lowest ratio of Oxygen to HDMSO (2:1) showed the greatest proliferation, almost
comparable to the growth of cells seeded in absence of any substrate. The cell
viability tests are based on the ability of dead cells to take up Trypan blue dye, where
as live healthy cells remain white. Percentage viability was calculated to be > 90% in

all cases except for the negative control, latex, where the % viability was < 10%.

It is clear from Figure A1 that the film surface does not adversely affect the growth of
the cells, and that the RASM cells do not die off in culture in the presence of these
materials. In fact the growth of the cells with coated substrates is comparable to those
seeded without substrates. Films with varying wettability were deposited by varying
the OJHMDSO ratio. The hydrocarbon content decreases with increasing O2/HMDSO
ratio and RF power. This leads to an increase in the film hardness as the film becomes
‘silica-like’ at high O./HMDSO ratio and high RF power. The high O2/HMDSO ratio
films show a temporal effect exhibiting high hydrophilicity immediately after
deposition but the hydrophilicity decreases with time. The low O/HMDSO ratio (2:1)
films show a higher proliferation rate than the high O./HMDSO ratio (10:1) film.
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A5 Cytotoxicity testing

A commercial MTT assay kit (Roche Diagnostics) was used to assess cytotoxicity of
the cells in culture, post-incubation with the coated substrates, as described in section
2.12.5. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) is a
yellow tetrazolium salt that cleaved by metabolically active cells to form purple
formazan salt crystals. An increase the in number of living cells results in an increase
in the total metabolic activity in the sample. This increase directly correlates to the
amount of purple formazan crystals formed, as monitored by the absorbance (Rodil ef
al., 2003). The MTT test was performed for each substrate in 8 separate wells and

each experiment was repeated for the full set of samples on three occasions
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Figure A2 Initial results of the cytotoxicity tests, which are determined by MTT
assay. The lowest ratio of oxygen to HDMSO (2:1) showed the greatest proliferation,
almost comparable to the growth of cells seeded in absence of any substrate. The cell
viability tests were based on the dbility of dead cells to take up Trypon blue dye,
where as live healthy cells remained white. Percentage viability was calculated to be
>90% in all cases except for the negative control, latex, which is know to be highly

toxic to cells.

352



It is clear from Figure A2 that the film surface does not adversely effect the growth of
the cells, and that the RASM cells do not die off in culture in the presence of these
foreign materials. In fact the growth of the cells with coated substrates is comparable

to those sceded without substraies.

A6 SEM analysis of substrates post incabation in colture with RASM cells.

Substrates were removed from culture and cells fixed with glutaraldehyde and

osminm tetroxide (Section 2.12.7) prior to examination using Scanning Electron
Microscopy (SEM). Figure A3 (A-D) shows SEM pictures for each rate of
O,/HDMSO tested.

10:1 ratio of O,/HDMSO Untreated 316L stainless steel

Figure A3 SEM images of stainless steel substrates post incubation in culture with
varying ratios of HDMSO/0, . Cell adhesion and proliferation is greatest on the films
with lowest ratio of oxygen to HDMSO (2:1). Higher magnification and examination
of a greater sample set would give more detail as to the actual effect of the thin film

on the stainless steel substrates.
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A7 Discussion
The films do not seem to adversely affect the growth of the cells. The RASM cells do

not die off in culture 1n the presence of the coated stainless steel. The growth of the
cells with coated substrates is comparable to those seeded with no substrates. A
small sample set was used to conduct these preliminary investigations. For a more
complete assessment of the biocompatibility of these thin films, a greater sample set

and larger number of replicates for each experiment would be necessary.

Future work on this project could include the assessment of the biocompatibility of
PECVD thin-film coated polymers such as PMMA, PDMS and Polycarbonate.
Protein absorption analysis of thin film coated polymers for biochip application could
also be investigated. Directed cell attachment on various substrates using
biocompatible thin films and the incorporation of various fluorescent labels into such
cells via immunostaining, would allow the monitoring of the cell growth on the films

using fluorescent microscopy.
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