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Abstract

The continuous measurement of biomarkers such as proteins and hormones in blood and serum
are the cornerstone of healthcare monitoring and optimising treatment plans. Often such
biomarkers are present in minute concentrations. Conventional analysis methods involve
assays with costly labelled antibodies and lengthy protocols on microtitre well plates. For
example fluorescence detection is often favoured for antibody based assays as it is very
sensitive, however considerable sample clean-up is required (they will contains interfering
materials such as other proteins, salts, etc.) and a protocol is required that requires fluorescence
labels. Label-free biosensors are therefore an attractive alternative to improve biomarker
analysis. In this work, a label-free optical biosensor was developed based on dye-doped leaky
waveguides (DDLW). Chitosan was selected as the porous waveguide material because it has
a large surface area, offering the probability of immobilizing a large number of biomolecules,
which significantly increases the possibility of capturing target species.

The DDLW biosensor consisted of a 1% of chitosan layer, deposited by spin coating onto a
glass substrate from a solution of 0.1 M acetic acid. Reactive Blue 4 dye 100 mM was then
incorporated in the chitosan waveguide via reaction with the free amines of the chitosan. The
chitosan waveguide on the glass substrate was then sealed within a microfluidics flow cell to
allow controlled flushing with reagents. The Reactive Blue 4 dye absorbs light most strongly
at the resonance angle and thus generates a dip in reflectivity at that angle which could be used

to make measurement

The DDLW sensing mechanism is based on shifts in resonance angle as a result of changes in
refractive index in the waveguide, which may change when molecules bind to antibodies
immobilised in the waveguide. The surface flatness and thickness of the spin-coated chitosan
layer was characterised via white light interferometer and a Dektak profiler. The porosity of
the waveguide layer is the main factor determining the maximum number of antibodies that
can be immobilized in its entire volume. The pore size of the waveguide film needed to be large
enough to allow the antibodies to enter the waveguide layer. The pore size of the waveguide
layer was tailored using different methodologies. Silica nanoparticles were investigated as well
as porogens, but the chemicals required to dissolve the silica nanoparticles and the porogens
used were found to damage the chitosan waveguide. Hence, we have developed a facile method

of tailoring the porosity of the waveguide layer by controlling a dry time of chitosan to some



extend that can provide a waveguide mode with an enhancement in the porosity of has achieved
and shown fascinating results where the pore size was being large enough to different
molecular weight of biomolecules. Where we optimised the drying time following different
concentrations of chitosan film fabrication by spin coating. The detection method was initially
tested using the binding of rabbit IgG to anti-rabbit IgG as a model example. Initially,
carboxylic group of the antibody can bind to the amino groups of chitosan film through an
activation process using different ratio of EDC-Sulfo-NHS linkage chemistry; the efficiency
of immobilisation was investigated with (confocal) fluorescence microscopy, but it was found
that the amount of attachment was insufficient. To increase the sensitivity an alternative
approach was used in which the antibodies were immobilised into the waveguide layer by first
attaching Streptavidin to the amine groups of the chitosan waveguide using glutaraldehyde.
Biotinylated anti-rabbit 1gG was then immobilised by binding between streptavidin and biotin.

Finally, the binding of rabbit-IgG and the immobilised anti-rabbit 1gG was studied.

Once the immobilisation chemistry is successfully developed, the waveguide system was
intended and used to measure the release of tissue factor (TF) that expressed on pancreatic cell
lines. Two types of pancreatic cells (Aspc-1 and Miapaca-2 cells) were used to investigate the
concentration of TF in a real-time. There were a strong correlations between the level of TF
antigen and activity in these cells, showing that the TF present on the cancer cells was active.
The calibration curve of Tissue factor (TF) has been created by preparing a range of TF
standard solutions (7.825, 15.65, 31.3, 62.5, 125, 250 pg mL™?) and recorded by ELISA plate
reader at 450 nm to inspect the concentration of TF that expressed from unknown sample
solutions. The highest expression of tissue factor (107.82 pg mL™) was recorded on the
unknown sample solution of Aspc-1, whereas, TF concentration was very low (57.27 pg mL™?)
on unknown sample solution of Miapaca-2 cell lines. A leaky waveguide system was also used
to investigate the lowest concentration of TF that released from pancreatic cell lines (7.86+1
pg mL?) that was expressed on unknown sample solution of Aspc-1 cell lines and (6.89+1 pg
mL™) on unknown sample solution of Miapaca-2 cell lines. Different concentrations of TF
standard solutions (0.003, 0.03, 0.3, 3, and 30 pg mL™) were applied using dye-doped leaky
waveguide sensor. Then, the results were compared to the conventional microwell-based
ELISA system. In conclusion, when applying lowest concentrations of TF that were expressed
on unknown sample solutions of (Aspc-1 and Miapaca-2 cell lines) the degrees of shifting in
angles were very close to the shifting in angles of standard solutions TF that were prepared to

investigate the detection limit.
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CHAPTER 1

Theory of Optical Biosensors



Introduction

In the last few years, biosensors have become important bioanalytical tools for
environmental monitoring, biotechnology, pharmaceutical, food control and other
consumer oriented industries. Using biosensors to measuring chemical species is an
exciting prospect because of their high sensitivity, high specificity, low cost, and portable
size and ease of use. Important requirements for a sensor for biomaterials detection are
high sensitivity and rapid detection. Over several decades, there has been much research
to developed fast and sensitive biosensors for different applications. In particular optical
techniques have been confirmed to have a high potential due to the possibility of rapid
and direct (unlabelled) detection.

There are a number of biosensor devices which have been applied for detecting different
biomaterials including various interferometers, surface plasmon resonance sensors and
micro ring resonator sensor. Although all of these sensors give sensitive and rapid
detection but they are just suitable of objects on a size scale up to 100 nm like, proteins,
DNA and viruses. There are still however great opportunities to develop a robust, rapid,
sensitive and selective biosensor. In this work a leaky waveguide sensor will be
investigated as a relatively inexpensive and easy to use tool for scientific analysis and

detection.

1.1 Requirements for biosensors

The following are the important requirements for biosensors

e Ability to provide real-time information at each production step or at various time
points throughout a process. This will lead to better monitoring and control, for
example of blood sugar levels.

e Many biosensor technologies can be configured to allow continuous flow analysis
which is very useful in food production, water supply monitoring, and air quality.

e Biosensors can minimize cost of use through miniaturization and can be integrated
into powerful lab-on-a-chip tools which are very capable.

e Biosensors can be used for point-of-care or on-site testing where state-of-the-art

molecular analysis is carried out without requiring a state-of-the-art laboratory



1.2 Biosensor

The term biosensor has different meanings depending on what field the user comes from
because a biosensor combines fundamental chemical, biological, and physical sciences
with computer and engineering sciences to satisfy needs in a wide range of application
areas. The International Union of Pure and Applied Chemistry (IUPAC) defined a
biosensor as a “detecting device that uses specific biochemical reactions mediated by
isolated enzymes, immunosystems, tissues, organelles, or whole cells to detect chemical

compounds by optical, electrical or thermal signals” .

A biological recognition element represents the key component of a biosensor, forming a

recognition layer which is immobilised on the surface of a suitable transducer (fig.1.1).
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Figure 1.1: General schematic of biosensor set up ®.

The recognition components are biological molecular species (such as enzymes,
antibodies, receptors, DNA or even cells such as yeast) which will react with a specific
analyte in the sample, generally via the formation of lock-and-key complexes such as
antigen-antibody, enzyme-substrate, single-stranded DNA-complementary DNA

complexes as in Table 1-1.



Table 1-1: Illlustrates the specific molecular interactions to increase specificity and
discriminate between different substances in the sample, as commonly used in biosensing
devices “.

Element Complementary
Antibody Antigen

Enzyme Substrate

sSDNA Complementary DNA
Carbohydrates Receptors

Cells Receptors

Drug Receptors

Metal ions Amino acids

A physical, chemical or biological change is observed when an analyte (target molecule)
interacts with the immobilized biological element (bioreceptor molecules) on a biosensor
surface. This change is converted to a measurable signal by a detecting device which is
called a transducer °. An essential issue in the development of any biosensor is to assure
a high functional activity of the immobilized biological element acts on the surface of the
transducer. The scale of the transducer surfaces are miniatured to micro- or nanometre
size, that's due to the small quantities of biomolecules that can be deposited thereon.
(fig.1.2).

water Glucose Antibody Virus Bacteria Red blood

+—

0.1 nm Inm 10nm 100pm 1pm 10 pm

Figure 1.2: Scale size of biorecognition elements °

Attaching the biological element directly to the sensor surface, though sometimes
possible, is frequently imprudent because the molecule’s affinity to the analyte can be

affected by the formation of chemical linkages. A linker molecule is commonly used. One

4



end has a carefully chosen functional group to react with the biomolecule without

destroying it, and the other end has a moiety which anchors to the sensor surface ’.

1.3 Biosensor Classification

Essentially, biosensors are classified according to two parameters, the transduction
mechanism and biorecognition elements, as shown in fig.1.3 8.

Biosensor classification

Based on recognition elements

Based on Transducer

- Optical
Surface Plasmon Resonance
- Fibre Optic
Bio-Catalysis based Biosensors Glucose Biosensor Metal Clad
Enzyme — S Interferometry
: Urea Biosensor Ring Resonantor

3

Ellipsometry
Absorption
Florescence
Luminescence
= Internal Reflectance
Bio-Affinity based Biosensors DNA Biosensor Scattering
Nucleic acid/Antibody Immunosensor Flectrochemical
Potentiometric
Voltammetric
Amperometric
Conductometric
Impedimetric

Microbe based Biosensors
Bacterial/Micro-Organis m/Virus

Pathogen Biosensor 4

Mechanical
Acoustic Plate Mode
(Piezoelectric)
Surface Wave Sensors
Flexural Wave Sensor
Love Wave
Magnetic Acoustic Resonator
Micro-Cantilever
Nano-Mechanical Oscillator
QCM(Quartz Crystal Micro
Balance)

Figure 1.3: Classification of biosensors °



1.3.1 Classification of biosensors according to biorecognition elements

1.3.1.1 Biorecognition elements

One way to classify biosensors depends on the biorecognition elements. There are three
different groups of biosensors classified depending on the nature of the process and in
terms of their biological elements such as bioaffinity (e.g. antibodies and nucleic acid);

biocatalytic (e.g. enzymes); and microbial (e.g. bacteria, viruses), as indicated in fig.1.3.

A. Biosensors based on bio-affinity elements

In this type of biosensor, which are also known as immunosensors or DNA biosensors
the analyte will specifically bind to the biorecognition elements (antibodies and nucleic
acid), that are coated on the surface of the transducer °. The mechanism of this type of
biosensor depends on the affinity of the biorecognition element and analyte such as
between antibodies — antigen pairs and frequently this combination is represented as lock

and key fit, as shown in fig.1.4.
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Figure 1.4: Antibody-Antigen Lock & Key Combination ®
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Each antibody can identify its antigen due to the highly selective interaction between
them. Antibodies can be coated onto many surfaces, and they can be chemically
conjugated onto many different reporter molecules. They can also be developed against
nearly any biological element, from single-stranded (ss) DNA to protein. Although these
systems are more specific and sensitive than enzyme-based systems, this biosensors face

limitations because they are more complicated and need multi-step assay configurations
11

DNA biosensors systems are based on the immobilization of a single-stranded DNA
probe onto the transducer whose sequence is complementary to the target DNA strands.
The specificity of these interactions depends on the ability of different nucleotides to form

hydrogen bonds with a complementary partner dependent 2.

B. Biosensors based on bio-catalytic elements

In this type of sensor the analyte will undergo a chemical reaction catalysed by the
enzymes which are the biological element in these sensors. These enzymes have the
ability to recognize their substrates specifically and are termed catalytic biosensors. The
chemical change occurring then is detected. Either by monitoring the rate of formation of
a product, inhibition of the reaction or loss of a reactant. The equation for the reaction can

be seen below 3

S+E < K, » ES K » E+P..... Equation 1.1

Where

S = Substrate

E = Enzyme

ES = Enzyme-substrate complex

P = Product

ki = Rate of enzyme-substrate complex formation

k-1 = Rate of enzyme-substrate complex dissociation

k> = Rate of dissociation of enzyme-substrate complex to products

Another approach involves using the target analyte to investigate the inhibition of the
enzymatic activity. This is used mainly to determine the detection limit of these

biosensors. The benefits of enzyme-based optical biosensors are that they are highly
7



selectivity and have high sensitivity, while the major limitations are loss of activity when
they have been immobilized on the transducer after a short period; also the stability of the
enzyme depends on different conditions like ionic strength, pH, chemical inhibitors, and

temperature 1

C. Microbial Biosensors

This type of biosensor uses microbes (e.g. bacteria and viruses) as its biological element.
The action of microbial sensors depends either on the measurement of the metabolism of
the microorganism or on the consumption of carbon dioxide and oxygen. There are
several advantages of microbial biosensors, such as that microorganisms are cheaper than
enzymes or antibodies; they can be more stable; and they can use enzymes to carry out
different complex reactions, although this is less selective than enzymes. Disadvantages
include the fact that they may require longer recovery, longer response times and more
frequent calibration 4,

1.3.2 Classification according to transducer

The transducer is used to measure the biological event. Transducers show the start of, or
alteration in, the biological events in the biosensor depending on the kind of signal or
parameter. Thus, biosensors can be classified into four different kinds; electrochemical

transducers, optical transducers, thermal transducers and mechanical transducers.

1.3.2.1 Mechanical transducers

A mechanical stress is induced when an electric field is applied through a piezoelectric
material, like a quartz crystal, and it creates an oscillating motion of a certain vibrational
resonant frequency. This frequency dependent on the mass on the surface of the oscillator
and the frequency decreases with increased mass on the surface *°. Piezoelectric materials
can produce and transmit acoustic waves in a frequency-reliant manner. The propagation
of these waves occurs on the surface, i.e. surface acoustic wave (SAW), or in the bulk of
the resonator, i.e. bulk acoustic wave (BAW). When the surface of the piezoelectric
sensor has been coated with a biological substance (such as an antibody) and is placed in
a solution containing the analyte an increase in the mass occurs resulting from the
attachment of the analyte to the biorecognition element that was coated on the surface
giving rise to a corresponding frequency shift 1°. There is another types of mass-sensitive
biosensor such as a microcantilever. The main limitation with all types of mechanical
transducer sensing is non -selective binding to the transducer surface 7.
8



1.3.2.2 Thermal transducers

These sensors are also referred to as calorimetric or thermal biosensors. Most biochemical
reactions involve the generation or absorption of heat and this can be related to the amount

of analyte present 8, which is the principle behind these sensors.

The heat of reaction can be measured when the analyte comes in contact with the
immobilized biological element on a temperature sensor. The total heat absorbed or
produced is proportional to the molar enthalpy (transfer of heat per mol in a reaction) and
the total number of molecules in the reaction. Thermal biosensors are insensitive to the
electrochemical and optical properties of the sample and do not require frequent
recalibration. Calorimetric biosensors are used for cosmetics, food, and pharmaceutical
and other component analysis ° .

1.3.2.3 Electrochemical transducers

Production or consumption of ions or electrons occurs when an immobilized biomolecule
binds with the target analyte onto an electrochemical transducer. This will effect changes
in measurable electrical properties of the solution, such as potential or current. There are
different methods utilized to detect electrochemical changes with the main techniques

being amperometry and potentiometry 2°.

i. Potentiometric
A potentiometric sensor measures the potential between the working electrode and the
reference electrode at zero current. The relationship between the potential generated at
the surface of the electrode, and the activity of the ion of interest is logarithmic. Most
electrodes are made from inert materials like gold, stainless steel, silver, platinum, or
carbon at the potentials at which the electrochemical reactions are takes place. A selective
membrane may be used, or an electron mediator that reacts at lower potential may be
incorporated into the immobilization matrix or to the sample containing the analyte,
because some species react at potentials where other species are present. The wider
detection limits represent the main advantage of these transducers. However, the
application is limited due to the requirement of a very stable reference electrode, poor
sensitivity. Nearly all potentiometric sensors are commercially available, including metal

oxide based sensors, glass electrodes as well as ion-selective electrodes 2.



ii.Amperometric
The principle behind amperometric biosensors is to monitor redox reactions by measuring
electric current flowing at a constant potential. A typical examples is where the electrodes
are combined with an enzyme which allows the analyte to undergo oxidation or reduction.
The concentration of substrate has been shown to be proportional to the magnitude of the
catalysis-generated current 2. Depending on the specificity of the enzyme, the biosensor
is designed to detect only one or maybe a few molecular species. The most commonly
used biosensor has been developed for diabetic patients and is the single-use
amperometric glucose oxidase-based sensor for home glucose assays. Another common
type of sensor used in flow systems uses hydrogen peroxidase. Amperometric sensors can
also be used with immunoassays, where secondary antibodies are labelled with an enzyme

whose product is oxidized at the electrode .

The reaction mechanism of all types of electoromechanical sensors takes place at a
surface of the electrode causing to a decrease in the selectivity, and this represents one of
limitations which has been faced this type of biosensors. One solution has been to develop

disposable electrodes, but these then need to be very reproducible.

1.3.2.4 Optical transducers

Optical transducers are the most common type of transducers used in biosensors. They
depend on measuring changes in light. Changes in light intensity, phase, polarization,
peak position, and angular wavelength will be observed after the interaction of the probe
molecules and target molecules, and optical transducers can measure these changes.
Mostly, the optical transducer is an optical waveguide (e.g., slot-waveguide, optical fibre,
photonic crystal waveguide, photonic nanowire waveguide, and leaky waveguide).
Different parallel functions can be performed by this photonic device. The first one will
guide the light from the optical source (e.g. laser) into the sensing area. Consequently, the
optical waveguide has the rule of transducer, enhancing the interaction between the
chemical/biochemical process and the optical signal. By this way, the chemical
information can be properly transduced into an optical one. In this context, the transducer
can be considered as an engineering prerogative, because several technical solutions have
to be implemented in order to maximize the confinement of the optical field in the sensing
Compared with other transduction methods, optical sensing encompasses the largest

number of sub-categories and can be classified as two major types based on the sensing
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mechanism and the sensing architecture. Furthermore, optical biosensors can be
categorized according to the detection procedures: label-based detection and label-free
detection %,

1.4 Optical Measurement methods

There are different types of sensing methods

a. Absorption
Simple optical biosensors use the phenomenon of absorption of light from a source, the
transducer then transforms the energy of a photon to another form of energy such as heat.
Beer Lambert-’s Law is used to determine the concentration of the analyte by measuring

the absorbance of a molecule at a specific wavelength. Beer Lambert-Beer’s law states.

A= loglo% = &lc............ Equation 1.2

Where lo represents the intensity of the incident light, I represents the intensity of

transmitted light, € is a molar extinction coefficient, C denotes the concentration of the

absorption of analyte, and | is the path length of absorbing solution (usually 1:00 cm).

This is a very effective and simple method in which the decrease in the intensity of a

radiant beam passing through the sample is measured.

The most important benefits of the sensors based on absorption are that they are easy to
use, simple and cost-effective 2*. But these sensors have not got a very high sensitivity
because the measurement depends on the ratio of intensities of the incident and
transmitted beam. The absorption of the light will depend on the concentration of
molecules in the solution, and the solution length the light is passing through. They can
also be used to sense the concentration of gases such as oxygen or carbon dioxide;

biological pathogens; and the pH of solutions.
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b. Fluorescence

Sensing by fluorescence usually happens when molecules absorb light at one wavelength
which initiates electronic transitions to reach an excited state depending on the
wavelength of incident radiation. The molecule then returns to ground state by emttting a
photon of light at a longer wavelength as indicated in fig.1.5, is known as fluorescence
25 Only certain molecules fluoresce so for this method to work fluorescent labels are
often added to biomolecules.

The excitation and emission occur only at different energy levels, which leads to each
fluorescent molecule having a different spectral fingerprint of fluorescence %.
Fluorescence in a target molecule mounted on a substrate absorbs a beam of one
wavelength and emits another beam, commonly longer, wavelength. The fluorescent label
utilizes a reactive derivative of a fluorescent molecule known as a fluorophore which
chemically binds a biomolecule such as a protein, antibody or amino acid. The
fluorophore selectively connects to a specific functional group or region on the target
molecule before being exposed to probe molecules and serves as a marker, tag, or dye, or
reporter for peptides, antibodies, and nucleic acids. When a light source is used to excite
the fluorophore molecules they absorb photons of the excitation light, which leads to the
fluorophore molecules emitting light at a longer wavelength. This is detected by a

photodetector, which identifies the presence of the labelled target molecules 7,

A Excitation

Fluorescence

Intensity

Wavelength

Figure 1.5: Fluorescent light emission *®
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In detection based on fluorescence, each biorecognition element or target molecule has
fluorescent tags to label it, such as fluorescent dye (fluorophore) which is a molecule with
a rigid conjugated structure (usually a polyaromatic hydrocarbon or heterocycle). The
strength of the interaction between the target and the biorecognition elements indicates

the emission intensity of the fluorescence as illustrates in the following equation:

Ir=@.1,(1— e X)) = Fluorescence emission intensity at Agy,........ Equation 1.3

Where:

I3 is the emitted fluorescent light,

[0) is quantum yield (the ratio of the number of photons emitted to the number of
photon absorbed),

lo is the intensity of the incident light,

C is the concentration of the solute,

€ is the molar absorbance,

K is a proportionality constant attributed to the instrument,

and | is the path length of the cell.

The downside for using this sensor is a request of a powerful external light source for
labels to provide of the sensitivities needed which can be expensive. Typically, some of
these sensors are used to differentiate BaP and benzopyrene (BPT), or in the detection of
carcinogens. Also, they are used in quenching DNA, due to their high read-out speed.
There are some disadvantages of the technique of bioconjugating fluorophores onto
biomolecules, such as that it often results in low yield, and it is time-consuming.
Furthermore, the fluorophore modification process can inhibit the efficiency of the
bimolecular binding, which causes reduced performance of the sensor. Moreover, since
optical detection instruments often must be of high quality, because the fluorescence

intensity is typically weak and the lifetime is short, the cost implications can be high.
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C. Raman Spectroscopy

The scattering of light, which happens via molecules due to the exchange of energy
between an incident photon and scattering molecules, is the principle behind Raman

spectroscopy.

incident light scaltered light

sample

/---Raman-scallered light ( new wavelength)

Figure 1.6: Raman Spectroscopy principles

The energy is transported from the incident photon to the scattered photon or vice versa
fig.1.6 26, When the scattered photon has higher energy than the incident photon, the
method is known as Raman anti-Stokes scattering; when the scattered photon has lower
energy than the incident photon the method in known as Raman Stokes scattering 2. A
more sensitive technique is Surface Enhanced Resonance Raman Spectrometry (SERRS)
The main principle of this technique depends on the use of chromophore as the adsorbate
molecule (labels) and tuned the frequency of the chromophore to the excitation

wavelength of the light source (laser).

The signals of Raman Spectroscopy are very weak and need power sources and highly
accurate optical receptors (biorecognition elements). This kind of sensor is used to
overcome some problems of fluorescence sensing: it has the capacity to sense analytes
which do not exhibit fluorescence. Raman spectroscopy is commonly used in chemistry
that’s due to the providing of a fingerprint by which the molecule can be identified via
the information is specific to the chemical bonds and symmetry of molecules *°. In solid-
state physics, spontenous Raman spectroscopy is used to characterise materials, measure
14



temperature, and find the crystallographic orientation of the sample. In addition, Raman
spectroscopy can be used to observe other low frequency excitation of the solid, such as

Plasmons, magnons, and superconducting gap excitations.

D. Evanescent fields

Other forms of optical biosensors use the evanescent field which is related to the total
internal reflection of light when waves travelling through a medium undergo total internal
reflection at the boundary. This confines the electromagnetic wave at the boundary
between two media of different optical properties, in such a way that this wave will strike
the boundary at an angle greater than critical angle, which produces an evanscent field
and interact with immobilised biosensing elements. Depending on the sensor
configuration, the electromagnetic wave may be in the form of a standing wave or a

travelling wave fig.1.7.
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Figure 1.7: The evanescent wave is produce parallel at the boundary of different medium when
the incident angle is greater than the critical angle and the majority of the light is reflected
during total internal reflection (TIR).

The structure of the sensor must be designed according to the change in the optical
properties of the surrounding medium along the waveguide structure. For example, with
light, which is guided by the structure of the sensor but interacts at the same time with the
exterior environment, the surrounding medium is investigated by the evanescent tail of
the mode along the waveguide structure. This interaction will be due to the change in the
speed of propagation of the tail, affected by an alteration in the refractive index, and

change its attenuation, caused by an alteration in the absorption coefficient. Light is also
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detectable from these alterations as a corresponding change in the phase velocity of a

waveguide.

The combination of the phase velocity (Vp) and the speed of light (C) introduces a new

quantity, the effective refractive index (neff).

Effective Refractive Index (nef f) = et/ Lot

Phase velocity

Or
neff = % ........ EQuation 1.4

The interaction between the surrounding medium and the evanescent field will cause a
phase velocity V1 lower than the light speed. The optical properties of the surrounding
medium will be changed according to the binding of the antibody with the antigens; this
will lead to a change of the phase velocity V2, which can be compared to V1 to obtain an

alteration in the effective refractive index. For interactions in the close neighbourhood of

the sensor surface, the evanescent field sensors have been proved a highly sensitive tool.

Fig.1.8 is a schematic for a conventional evanescent field. Biosensor, which illustrates a
change in the effective refractive index Nes of the transmitted light resulting from the
interaction of the bimolecular, that's on the waveguide surface inside the evanescent area.
The phase velocity of the guided mode will be shifted and there will be a change in the
local refractive index felt by the evanescent field of the optical waveguide when the target

molecules binds to the receptor molecules at the sensor window.

Fig.1.8. a, and b indicates the upper and lower extents of the waveguide core represented
by dashed lines. The chemical reactions occur on the upper surface of the waveguide at

X=0 pm.
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Figure 1.8: (a) Scheme representing evanescent field sensing, the cross-section of a waveguide
and the optical electric field distribution of the vertically polarized mode; (b) The cross-
sectional plot of the evanescent field intensity of optical waveguide . ns: Substrate, ne:
External, n: Refractive index, and nc: Core.

If we suppose the typical wavelength of light for optical biosensors lies in the range of
2=600-1550 nm, the evanescent field will extend into the test sample around 100-250 nm
fig.1.9a. The distance of the evanescent field is therefore very short, so only material
directly near the surface, such as antibodies, DNA, and proteins which are chemically
attached to the surface, interact with the biosensor; the biosensor is not influenced by
unbound material like eukaryotic cells or bacteria suspended in solution. Different
designs of optical biosensors can manipulate the features of the evanescent field: it is
either confined tightly to the sensor surface, or it penetrates deeply into the test sample 2,

There is one key to designing a sensor with high sensitivity, which is matching the regions
of the highest evanescent field intensity with the regions of greatest biochemical binding
(fig.1.9b). Many label-free optical biosensors depend on the change in the refractive index
obtained from the interaction of biomolecules with evanescent waves. For example, the
most commonly used, the surface plasmon resonance (SPR) sensor utilizes the evanescent
wave of a surface plasmon resonance method present at the interface between dielectric
materials and metal as a collective electron oscillation wave®, when the incident light is
totally reflected at the prism—metal interface and generates an evanescent field
penetrating into the metal layer. At the resonant angle or resonant wavelength, the
propagation constant of the evanescent field matches that of the surface plasmon
waveguide (SPW) and as a result, the photon will be coupled into the SPW. Another type

of biosensor is based on the evanescent wave established on silica or silicon platforms,
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such as planer waveguide sensors, fibre optic sensors, and, lately silicon nanowire sensors,

slot-waveguide micro-ring resonator, and leaky waveguide sensors.

For example the silicon nanowire waveguide design can enhance sensitivity over
traditional slab waveguide sensors by using a thinner waveguide core. With biomolecules
immobilized on the core a larger portion of the electric field will leak out and interact
with a biomolecule immobilized on the core surface. Coordinated in a match-Zehnder
configuration, there's an advantage in silicon wire waveguides from longer field molecule
interaction lengths. In the slot-waveguide micro-ring resonators, the interaction between
analyte molecules and the surface of the waveguide in the slot region has improved
sensitivity detection, and design of very high quality factor resonant structures will allow
the interaction of the evanescent field with biomolecules over the multiple cycles of the

confined wave 34,

Evanescent fleld

Figure 1.9: (a) Limited evanescent field of the conventional evanescent field sensors of 250 nm
(b) Increase in evanescent field of the deep-probe evanescent field biosensor of 1um *

1.5 Labels and Label-free detection techniques

In label-based systems labels (probes) are attached to the molecule of interest. Labels are
small modifying agents which can be used to tag probe proteins and dye, nucleic acids,
antibodies and other molecules *. Often these compounds include groups which supply
sensitive detectability by an atomic property or intrinsic chemicals such as radioactivity,
visible chrogenic character, fluorescence, or bioaffinity for another protein. Accordingly,
most probes contain a reactive protein capable of coupling with the functional groups of
biomolecules, which can be designed through modification of a protein. Through this
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reactive portion, the probe is being covalently attached, consequently permanently
tagging it with a unique detectable property. Subsequent interactions can be followed
through the tag's visibility which the labelled protein is allowed to undergo. The most
traditional label-based methods obtainable are radioactivity, chromogenic and

fluorescence-based detection systems.

In the radioactivity system certain elements emit energy in the form of particles or waves
by disintegrating the unstable atomic nuclei into a more stable form®’. Different
applications have been studied for several interactions: protein-protein, protein-RNA,
protein-DNA, and antigen-antibody interactions that give out radiation on binding to the
corresponding target molecule by utilizing the radio-labelled query protein on an

antigen®,

The chromogenic detection of antigen-antibody can be easy to detect. The substrate used
in chromogenic detection is a molecule which is stimulated via connecting the enzyme to

the antibody to provide a coloured product 3,

Label-free biosensors which do not need fluorescent molecules for biomolecule detection
have the advantage of improving reliability and eliminating complex sample preparation
techniques. The basic principles of operating optical label-free biosensors depend on the
change in the refractive index due to the affinity binding of biomolecules, such as antigen-
antibody binding or DNA hybridization. The labelling of biomolecules often changes the
characteristics of surface and natural activities of the query molecule and exhibit interface
of the binding site. Also the labelling procedure is lengthy, laborious and limits the types
and number of query molecules. Thus, Label-free detection biosensors have a significant
advantage in overcoming the problems with label detection biosensors .

Label-free detection techniques avoid interference via the tagging molecules, provide
quantitative information for the binding kinetics, and simplify the bioassays by
eliminating the need for secondary reactants. Label-based detection methods are not
appropriate for hand-held or portable diagnostic devices because binding the dyes is very
complex. Detecting the fluorescence needs expensive lab-based equipment. Label-free
methods of biosensing, on the other hand, can detect the binding of complex biomolecules
by utilizing hand-held or portable devices. This is less costly and does not require

expertise 4.
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1.5.1 Sensitivity

In the development of sensors, sensitivity is an important parameter in evaluating sensor
performance, which is determined via interaction strength between the sample and light.
There are several factors affecting the sensitivity of optical biosensors including depth
of penetration of the evanescent field, electromagnetic field strength, geometric factors
which involve the thickness, length and diameter of core or the waveguide, and optical
power contained in the sensing region. The sensitivity is the magnitude of sensor
transduction signal change in response to the change in the analyte. The sensitivity of
most evanescent wave-based sensors is determined via the fraction of light in solution or

the light intensity at the sensor surface 4.

Sensitivity is defined as the proportion of the alteration in transducing optical parameters
(Al in the intensity variation scheme and AL in the resonant wavelength shift scheme) to
the alteration in the waveguide parameters affected by the analytes. Table 1.2 lists four
different combinations according to the definition of the sensitivity S, which can be
divided into two parts from the mathematical expressions of sensitivity. These are named

device sensitivity and waveguide sensitivity respectively.

A. Device sensitivity
Device sensitivity depends only on the difference of optical transduction parameters,
which depends on the transducing method. Therefore, device sensitivity can be defined
as the ratio of the change in the transducing optical parameter to the change in the
effective refractive index. Device sensitivity is expressed for the shift in the resonant

wavelength scheme as;

S = — i Equation 1.5

oA = Letthres Equation 1.6

Where O\ is the shift of the resonant wavelength, Onest IS the change in the effective
refractive index caused by the analyte attaching, Ares IS the resonance wavelength, and ng

is the group index.
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In the intensity scheme this will become:

S = Equation 1.7

According to the above equations, device sensitivity will be increased by using a smaller

effective refractive index or longer resonant wavelength for each case.

B. Waveguide sensitivity
The sensitivity of the waveguide is related to waveguide structures regardless of the type
of sensor, therefore it can be defined as the ratio of the change of the effective
index(dn.y) to the change in the waveguide parameter (dn.) affected by the analytes.
By changing the effective refractive index, the sensitivity of the waveguide can be
determined, resulting from the changing of the analyte - induced by a change in
waveguide parameters 3. The change in the refractive index is caused either by a change
of the refractive index of a cover medium or by a change of sensing the thickness (dt) of
a layer immobilized on the surface of a waveguide layer. It differs according to the

sensing mechanism which is used and is expressed as:
Ongep/0n, (Homogenous sensing) ............. Equation 1.8

Ongsp/0t (Surface sensing) ............. Equation 1.9

Table 1-2: Overall sensitivity based on the sensing mechanisms and transducing schemes of
Sensors.
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C. Surface sensing
For surface sensing the external surface is treated with a selective layer for attracting the
analytes. For this reason, the analytes will be bound to the waveguide surface, which will
increase the thickness of the waveguide: this layer of analytes is known as the addlayer
(0t) fig.1.10 4%, Thus, the definition of the sensitivity of surface sensors is a ratio of

change in addlayer thickness (dt) to the change in resonance wavelength (9A4).

S=2 Equation 1.10

There are several biochemical applications of surface sensing, such as antigen-antibody
reactions, DNA sequencing by hybridization or measuring the concentration of pollution
in water, which depends on the immobilization of an ultra-thin layer of receptor molecules
on the surface of a guiding film. This interaction will cause a change in thickness of

molecular addlayer, which affects the effective index of the propagating optical mode?®.

A“““m 8 antibody

Figure 1.10: Adsorption of analyte molecules on the surface of the sensor as an ultrathin film.

D. Homogeneous sensing
In this kind of sensing, the analyte molecules are suspended in a fluid medium (liquid or
gaseous), which exists around the waveguide surface, fig.1.11. This will lead to a change
in the amount of homogeneously present analytes and as a result, this will change the
cladding index. This in turn will change the effective refractive index of the guided mode
and move the resonance wavelength. Thus, all materials either the detected molecules or
the sensing layer in the solution can participate in a shift in the effective index, and this

will lead to non-specific interaction. Surface sensing can be utilized to solve this
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problem*?. The sensing of the homogeneous sensor can be defined as the ratio of a
cladding index change (dn.) to the resonance wavelength change (9A), as expressed by

the following equation;

S=0A/0n......... Equation 1.11

Represents homogeneous sensing, that enables an observer to measure the concentrations
of various chemical kinds usually present in a solution such as ethanol or glucose, as well
as enabling such an observer to appreciate the change of concentration of some gases.
This is because the refractive index sensitivity for several polymeric materials is specific
to gas concentrations. In all of these cases, the change in the concentration of chemical
analyte will induce change in the refractive index of a solid or liquid serving as cover in
the guiding structure. For instance, changing the concentration of glucose in an aqueous

solution will induce a change in the refractive index of this solution +.

Figure 1.11: Homogeneous sensing: this shows analyte molecules existing in the surrounding
aqueous medium that serves as the top cladding.

1.5.2 Limit of Determination (or Resolution)

Limit of determination is a critical criterion of performance for detection of adsorbed
molecules with low molecular weight or detection of analyte molecules existing at low
concentrations. To do this it is necessary to determine the noise. At a basic level noise
can be easier to characterize by allowing the sensor to reach a steady-state condition and
recording the measured output in sequence many times without any intended change to
the sensor. The noise can be defined as the standard deviation, o, of all the repeated

measurements. And if the signal has a magnitude 3o, and is defined as a detectable signal,
23



then the limit of detection can be defined as a change of the smallest measurable mass

density of the sensor, expressed as:

LOD =3ad/5S............. Equation 1.12

One can use sensitivity to define the smallest value determined over zero concentration,
while using resolution to describe the lowest resolvable differentiation between two
measurements at any concentration. Consequently, sensitivity and the resolution are

related but are quite different of merit figure 4.

1.5.3 Limit of Detection

The detection limit of a sensor (DL) is an important parameter to describe its performance.
The limit of detection (LOD) can be derived by taking the lowest resolvable signal, or by

taking the noise in the transduction signal (o) into account:

DL = 6/S .cceevuvnunn. Equation 1.13

Where S indicates the sensitivity. The DL may be improved by increasing the sensitivity
or by decreasing the noise level. One may enhance the sensitivity by increasing the
interaction of the light with the solution. Typically, the noise parameter is more
commonly seen. It is produced from temperature fluctuations or thermal expansion in
both the buffer solution and substrate of a sensor. The change of the refractive index
results from temperature dependency. One may enhance the performance of a sensor and
overcome noise that’s related to the temperature fluctuation by using various methods of
controlling and employing non-specific binding and bulk the change of refractive index.
One may reduce thermally stimulated noise by implementing a temperature control, like
a thermoelectric cooler. There is another method of reducing noise by balancing the
thermo-mechanic and thermo-optic effects. The third method is called common mode
noise, which employs a reference channel constructed into the same sensor or into a

different sensor nearby to decrease the temperature effect 4849,
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1.5.4 Sensor Cost

In most diagnostic or pharmaceutical applications, the cost of an individual assay is
estimated for comparison. To bring the cost of the assay to appropriate levels, two major
methods have been applied. First, if the fabrication and packaging of the sensor are very
expensive they can be regenerated and used for various successive assays. The second
method is designing sensors using inexpensive materials and processes suitable for mass

production which before disposal can be used only once, like a typical labelled assay.

Label free optical biosensors do not require tag reagents which reduces the cost and
consequently any compensation for the cost of the additional reagents. The transducer
cost in each assay must be low. The large challenge to acceptance for optical biosensors
Is due to the cost challenges which consist of high-accuracy optical components
fabricated by using highly exacting processes such as metal deposition, photolithography,
dielectric or plasma etching from costly materials such as optical fibre, glass or silicon.
Moreover, if the fabrication of the sensor is low-cost, the cost of testing and packaging

must be more efficient.

1.6 Further Biosensor Detection Modes

There are different constructions which are widely used in the development of optical

label-free sensors:

e Interferometer-based biosensors

e Surface Plasmon Resonance-based biosensors
e Fibre optic-based biosensors

e Micro ring resonator-based biosensors

e Waveguide layer-based biosensor

1.6.1 Interferometer-Based Biosensors

This type of sensor occurs through the change in the effective refractive index of mode

when the sample interacts with the guided light propagated in the sensor to detect the

phase shift. The Mach-Zehnder method represents one of the interferometer constructions

which has a high sensitivity for label-free optical biosensing . In these sensors, the

analyte will interact with the evanescent field of the guided light or, when a hollow or slot

waveguide is employed, the analyte will propagate light in the core of the waveguide. The
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Mach-Zehnder interferometer is composed of an incident waveguide, which is divided
into two branches of a single mode waveguide including a reference arm and a sensing

arm as indicated in fig.1.12 51,

Sensing arm

3o
Sensing area

Reference Arm

Figure 1.12: A schematic of an integrated Mach—Zehnder interferometer, where lo. represents
the optical output intensity, Iin incident light intensity, and A® represents the difference
between phases 2.

The reference arm is one of these waveguides, isolated from changes in the surrounding
medium by cladding, while the other waveguide - the sensing arm - has no cladding. The
effective refractive index (Aneff) Will change in the sensing region (e.g. the addition of a
thin biolayer, or changes in the bulk superstrate index) this will affect the evanescent field
of the waveguide mode, which introduces in this arm a phase shift of the travelling light
(Anest ko L), where L is the sensor window length, ko is the wavenumber of the free space
(ko=2m/A) %2,

At the MZI output, where the sensing and the reference arms are recombined, interference
occurs due the relative phase shift ¢ induced by the difference of the effective indices.
The interference translates this phase shift into a modulation of the optical output intensity
satisfying the condition. The MZI sensor is a cosine-dependent intensity function that
changes according to the signal change, which is very difficult to resolve close to the

maximum and minimum of the cosine function.

The sensitivity of the Mach-Zehnder architecture depends on the length of the sensing
arm (L). An effective refractive index of the undesired shift in propagating mode may be
introduced due to change of temperature that can affect the sensitivity. A trade-off has
therefore usually to be achieved between the sensitivity and the length of the device.

Lately the MZI has been developed for optical sensing by employing a nanowire sensor
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in a wire assembly. Different types of nanowire, either pulled from bulk glass, or metallic,
as well chemically grown nanoribbons, have been used as building blocks after
fabrication for applications in micro- or nano-photonics such as nonlinear and biosensing
optics for future potential. Silica nanowires offer several advantages over other types of
nanowires since they are based on materials used in the most important photonic and
optoelectronic applications within the visible and the near-infrared ranges and as a result
their optical properties are familiar. As a result, they offer many advantages over other
types of nanowire. The nanowire sensor has high sensitivity to the changing of the
surrounding medium index as a result of leaving a large portion of the guided field outside

the wire as evanescent waves °+°,

1.6.2 Surface Plasmon Resonance

Surface Plasmon Resonance (SPR) is a successful optical transduction method, which is
used commercially for chemical and biochemical sensing 6. Surface Plasmon is a
longitudinal charge density wave along the interface of two media, where one is metal
and other is dielectric. The working principle depends on transverse magnetic polarized
light leading to the excitation of oscillations of electron density at the metal dielectric
interface (need a metal surface), which produces a wave known as a surface plasmon
wave (SPW). A sharp dip in the reflected light intensity occurs when the incident light
(which carries momentum as well as energy) and the wave of surface plasmon match a
resonance at the metal surface (non-magnetic), surface plasmon wave is p-polarized, and
due to its electromagnetic and surface propagating nature, creates enhanced evanescent

wave, as illustrated in fig.1.13a, and b.
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Figure 1.13: a: typical surface plasmon resonance principle K. indicated association constant
for the reactants and k.; indicates dissociation constant the products ; and b: Detecting the
changes of the refractive index in the frontal closeness of a surface layer with a sensor chip. A
sharp shadow has been observed of the plasmonic resonance in the reflected light at an angle
(this angle will be shifted if biomolecules bind to the surface), which depends on the material
mass at the surface >,

There are several resonance conditions, which depend on the light wavelength, the
incident angle, and the dielectric properties of the substrate as well as the metal. An
angular interrogation takes place when the wavelength is kept constant and the angle of
incidence is varied which results in a sharp dip at the particular angle. A spectral or
wavelength interrogation takes place when the angle of the incident beam is kept constant

and the wavelength is varied which results in resonance at a particular wavelength.

The changes in refractive index will change the value of the incident angle or the
wavelength because the incident angle and the wavelength depend on the refractive index
of the dielectric medium. Generally, a prism is employed to excite surface plasmons using
a light source. There are different types of shortcoming in the prism-based SPR sensing
device, such as: no remote sensing; large size; and the presence of varied mechanical and
optical moving elements. As described below an optical fibre can be used instead of the
prism to overcome these shortcomings. The optical fibre SPR probe can be miniaturized,

which can be useful for samples, which exist in tiny quantities and are costly 5°-°,
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1.6.3 Fibre optic SPR

In this type of sensor, the evanescent wave will be produced due to total internal reflection
(TIR) is the reflection of the total amount of incident light at the boundary between two
media, at the core-cladding interface, as indicated in fig.1.14a. A fibre optic based SPR
sensor is built by replacing the silicon cladding of the fibre with a thin layer of metal,
which is further surrounded with the sensing layer. To produce the evanescent field, the
light is guided into one end of the optical fibre to excite the surface plasmons at the
interface of the metal-dielectric sensing layer, as shown in fig.1.14b. The strength of the
combination between surface plasmons and the evanescent field depends on fibre
diameter, probe geometry, wavelength, and metal layer properties. The intensity of
transmitted light (fig.1.14c) is detected at the other end of the fibre after passing via the
SPR sensing region as a function of the wavelength.
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Figure 1.14: (a) the evanescent field corresponding with a TM-mode, which propagates along
the interface of a dielectric and a metal, where (b) the electric field declines exponentially. (c)
The distribution of the magnetic intensity at the interface between metal and a dielectric for a
surfaceelplasmon The possibility of a combination between surface plasmon and waveguide
modes **.

At the metal surface, when biorecognition elements immobilized onto the metal surface
recognize and bind with an analyte, which exists in a liquid sample, this leads to an
increase in the refractive index. This increase leads to an increase in the propagation
constant of the surface plasmon wave (SPW), which propagates along the surface of the
metal and can be measured by an optical transducer. The increase in the propagation
constant of the SPW is the underlying physical principle of affinity SPR biosensors
fig.1.15 92,
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Figure 1.15: Main principles of Surface Plasmon Resonance biosensors %,

Designs of SPR probe

There are many designs to achieve high sensitivity, reproducibility, detection accuracy
and operative range of a fibre optic SPR probe, the sensitivity and the detection accuracy
are determined in the same way as determined in the case of angular interrogation.

Metals Selection

For coating, silver or gold is selected for the surface of the fibre core. These have a
dielectric constant of both the real and imaginary parts that plays a critical role in
achieving detection accuracy and sensitivity. Gold has a higher parameter for the shift of
resonance due to the higher value of the real part of the dielectric constant which results
in a change of the refractive index of the sensing layer. Silver, on the other hand has
higher value of the imaginary part of the dielectric constant which results in a narrower

width of the SPR curve causing a higher SNR or detection accuracy.

Gold is chemically stable whereas chemical stability of silver is poor due to its oxidation.
The chemical stability of gold is higher than that of silver, due to the tendency of silver
to oxides when exposed to air, and especially to water which makes it very difficult to get
reproducible results. Therefore a silver-plated sensor isn’t reliable for practical
applications. There are other metals used for SPR sensor applications such as copper (Cu),
and aluminium (Al). Copper is limited in use as the metal for an SPR sensor because it’s

chemically vulnerable to corrosion and oxidation .
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Dopants effect

To evaluate the effect of dopants on the sensitivity of the SNR, a theoretical modelling
and analysis of SPR based fibre optic sensor was carried out. Phosphorus pentoxide
(P20s), germanium oxide (GeO.), pure silica, and boron oxide (B203) are commonly used
as dopants to enhance the sensitivity of the sensor ®. The principles simulation of this
technique depends on the interaction between several small molecules and various
graphene sheets. The model systems are carefully chosen to cover several basic issues.
The gas molecules, CO, NO, NO; and NHs, are all of great practical interest for industrial,
environmental and medical applications. Meanwhile, NO> and NHz3 represent typical
electron acceptors and donors, which may undergo charge transfer with graphene. The
graphenes are doped by boron and nitrogen atoms, representing the most widely used p-
and n-type dopants that the sensitivity and selectivity of graphene-based gas sensors could

be significantly improved by introducing dopants or defects into the graphenes.

Polished of side fibre

A common configuration of the sensor among fibre optic SPR probes uses a single mode
of side-polished optical fibre and a thin metal layer. Fig.1.13. indicates this configuration,
where propagating the guided mode in the fibre will excite the surface plasmon wave at
the boundary surface between the sensing medium and a metal. The resonance will occur
when the two modes are in a closely matching phase. Thus, the interaction between
biomolecule recognition elements and target molecules will induce variations in the
refractive index at the sensor surface. For example, immobilisation of antibodies on the
surface of a sensor will be observed as a change in the resonant wavelength. Fig.1.16.
illustrates the single mode optical fibre based SPR sensor, which is more accurate and
sensitive. In recent years, studies of SPR sensing systems have been focused on the
attenuated-total reflection geometry obtained by use of prism-coupling optics and the
systems of optical fiber sensors that need some bulky structures or complicated signal

processing to improve their high sensitivity °.
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Figure 1.16: A side-polished single mode fibre SPR sensing structure

This type of sensor increases the sensitivity of the sensing area as a result of the side-
polish of the fibre. There is another sensor fabricated from D-type single-mode optical
fibres using the SPR technique with improved sensitivity for sensing applications. There
are SPR designs based on a fibre optic sensor containing the reflecting end face to face
with an SPR probe at one of the ends of the fibre. Also, other types of SPR based fibre
optic sensors such as side polished multimode optical fibre sensor, and photonic gap fibre
sensor have recently been reported that’s due to the fabrication of this sensor is very

complex compared with multi-mode optical fibre based SPR sensors .

1.6.4 Micro-ring resonator optical biosensor

The optical micro-ring biosensor is an emerging technology for achieving high sensitivity,
which has recently been under intense investigation to find applications in multiplexed
analysis. The size of the device has been reduced by some orders of magnitude without
compromising its sensitivity. Micro-ring sensors represent an ideal optical biosensor due
to long photon lifetime within the resonator provides a large interaction length at
resonance which achieves a highly detectable phase shift. Lately it has been found that a
larger light-analyte interaction occurs when the measurement is carried out in a slot-
waveguide biosensor with a flow through system for the biomolecules. This means that a
slot waveguide-based micro-ring resonator has had a huge impact among biosensors. By
applying the proper surface chemistry to a waveguide surface a slot waveguide-based
micro-ring resonator is prepared which will result in a thin layer on the top surface of the
waveguide, which includes specific receptor molecules for the analyte. The analyte will
bind to the specific receptor molecules at the top surface of the waveguide and when the
resonator is brought into contact with a fluid including this analyte, this leads to a change

of the thickness of the surface of the waveguide layer. This binding will also change the
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local refractive index that causing a change in the effective refractive index of the optical

mode, as well as the resonance wavelength shift.

To improve the detection limit of the sensor, there are two significant routes. One of these
routes is to decrease noise in the determination of the resonance wavelength to increase
the quality of the resonator. The other route is involves increasing the interaction of
biomolecules attached to the waveguide surface and the light, to increase the average
resonance wavelength shift. Only the tail of the evanescent waveguide mode will interact
with the biomolecules when using a normal photonic waveguide with a rectangular cross-
section 7. To increase the interaction binding of the analyte molecules to the waveguide
surface and improve the sensitivity of the sensor, a narrow slot should be etched in the
middle of the waveguide. A large fraction of the quasi-TE mode will be concentrated in
that slot.

Light is coupled into a slot-waveguide ring (Wring) by using a straight slot-waveguide
(Win), coupled with only one wavelength of light called the resonance wavelength (R), as
indicated in fig.1.17a and b, shows a schematic cross-section of the coupling region into
the straight-ring of slot-waveguides. There are two strips (rails) on a bottom cladding
layer which is straight and ring-slot-waveguides. The top surface of the whole device will

expose to the environment, and the refractive index of this region forms the sensing region

(S).
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Figure 1.17: (a) A Schematic view top of the slot-waveguide based micro ring resonator, (b)
Cross-sectional view of coupling region in the slot-waveguide based micro ring resonator &,

33



1.6.5 Planar Waveguide optical biosensor

During the last years, optical sensor-based waveguide layers have attracted interest
because of the sensor’s versatility, sensitivity, small sample requirement, high throughput
applications and real-time measurement capabilities. Waveguides that is made of high
refractive index materials such as glass, quartz, polymer films and fibres, which is
surrounded on all sides by a lower refractive index, like substrate. Planar optical
waveguides consist of a transparent waveguide layer with a refractive index that is higher
than the substrate layers. At a critical angle of incidence, light is coupled into the
waveguide layer and propagated by total internal reflection (TIR), creating an
electromagnetic wave (the evanescent field) fig.1.18.7°. The evanescent field is generated
at the waveguide sensor due to the excitation of the light itself in the dielectric layer. This
method is highly sensitive to change in the evanescent field; Therefore, it has shown to

be an excellent technique for the investigation of surface bound-biorecognitions.

n, Sample /‘ Evanescent wave

n, Substrate

Figure 1.18: Diagram representing the waveguide mode sensor (when nz>niand n, > ns) where
ni1, Nz and ns are represent the refractive indices of the light in the different materialsy. The
light is confined into the waveguide layer at a critical angle and travels under total internal
reflection (TIR), producing an evanescent field at the boundary.

This was historically explained by Snell’s law of refraction as indicated in the following

equation:

n, sin@; = n, sinf, ... ... ... ... Equation 1.14

Where 6,and 8, represent the incidence and refraction angles respectively of a ray

crossing the interface between two media with refractive indices n; and n, .
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Figure 1.19: The propagation of light through two media (n4 # ny)

The waveguide sensor uses the changes in the refractive index and the intensity of the
reflected light that will happen once biomolecules are adsorbed into the waveguide

surface and the angle at which the coupling occurs changes fig.1.19 ™.

However, most of the light is confined into the waveguide layer. A small portion of the
evanescent field will be extend out of the substrate and into the sample. The evanescent
field will be equal to zero at a distance less than one-half the wavelength of the coupled
light because it has decayed from the waveguide surface. Hereby a large distinction
between contaminates within the sample solution and molecules captured by immobilized
bio-recognition species will be obtained, thus obtaining highly sensitive measurements.
Different techniques have been used for coupling the light into the waveguide layer such
as End-fire coupling via either optical fibre or lens which is considered suitable for a
remote sensing application due to the high efficiency of the light transmission. However,
the drawbacks of this method may be illustrated by the vulnerability to variation present
in a sensing system and the low efficiency of coupling with the nanometre scale core. The
grating coupler technique implements the optical diffraction stimulated by periodic
patterns engraved on a waveguide layer. Its straightforwardness and stability are the
advantages of this method while, due to a narrow band of coupling angles, it suffers from

low coupling efficiencies.

By utilizing a prism, the light is coupled into a waveguide layer at a higher refractive
index than that of a thin tunnelling substrate. This is preferable for coupling light in

optical sensing due to its easy coupling operation and simple configuration 2.
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1.6.5.1 Leaky Waveguide Sensor

The leaky waveguide sensor (LW) technique is an alternative way to confine the light
into the waveguide layer by total internal reflection (TIR) at the interface between the
waveguide and cover interface (sample) being sensed. In this case the light is not
completely reflected at the boundary between the substrate and the waveguide and some
of the light is leaked fig.1.20 ™.

n, Substrate

Figure 1.20: Diagram representing a leaky waveguide sensor principle where n; > n,and n; >
ns;where ni, Nz and n3 are represent the refractive indices of the light in the different materials.
Total internal reflection (TIR) occurs at the boundary between the sample and the waveguide
creating an evanescent field (EV). The Fresnel reflection is present at the interface between
the waveguide and the substrate.

The Fresnel Reflection (FR) is a mechanism for confining light at the interface between
waveguide-substrate. FR occurs at any interface between materials with different
refractive indices. There is no evanescent field on the other boundary because some of
the light is being leaked, and this is different from total internal reflection, although the
light is gradually lost from the waveguide either by radiation loss or by absorption. The
leaky waveguide technique indicates a typical propagation distance from a few

millimetres to a few centimetres, which is appropriate for sensing in most applications 7.

A variety of advantages has been shown for the leaky waveguide sensor over the
conventional waveguide, which can be due to TIR no longer being applied at the
waveguide-substrate and this leads to greater flexibility in the of choice of waveguide
materials. Materials such as silica sol-gels and hydrogels, like agarose can be used as
there is no longer requirement for them to have a refractive index higher than that of the
substrate. The smaller difference of the refractive index between the waveguide and the

sample will generate a higher penetration depth of the evanescent field into the sensing
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region which leads to the fact that the leaky waveguide sensor is more sensitive than SPR
and a conventional waveguide techniques. The penetration depth of the evanescent field
into the leaky waveguide coated with the dye as a reflective layer is 1.5 pM that has been

shown to be around 150-200 nm 7.

Specifically, the DDLW in this project consists of a chitosan waveguide doped with
reactive blue 4 dye (RB4) on a glass substrate. There are two reasons for immobilizing
RB4 dye. First of all, it allows the imaging of the resonance angle in the reflectivity curve
as a dip at a wavelength away from the absorption of the antibody. Secondly, RB4 dye
contains a sulphonate group, which will react with the amino groups in chitosan under
acidic conditions, prevents the dye from leach out the waveguide layer. The
immobilisation of RB4 dye into the waveguide layer offers some advantages: first, the
coloured product is unable to diffuse away from the sensing region, because it’s still
immobilized in the waveguide layer; otherwise this would lead to a rapid loss of
absorbance signal. Secondly, the experimentally determined sensitivity is higher than
total internal reflection (TIR), because of maximisation of the interaction between the
optical mode and the immobilized product in the waveguide layer’®. Third, the small size
of the waveguide will focus a high concentration on the small amount of the substrate;
this is very low compared with the concentration of the substrate solution present in a
flow cell of typical dimensions. And last a high rate of product formation depends on the
concentration of the target molecules in the waveguide layer. Therefore the local
concentration of the substrate should be high. The DDLW has potential applications in

drug discovery, clinical diagnostics and industrial biotechnology fig.1.21 ™.
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Figure 1.21: The schematic of purpose-built optical set-up used to examine glass slides with
reactive blue 4 dye.
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1.6.5.2 Materials for Porous Waveguide

In the last twenty years there has been a focus on hydrogel materials because of their
range of important properties, for instance biocompatibility, responsive behaviour
(volumetric changes), storage capacity and the ease with which they can be modified 7.
This project includes the creation of responsive hydrogel thin films by using chemical
crosslinking of reactive blue 4 dye (as a reagent). Hydrogel thin films have attracted
interest as their advantages include a method to produce responsive surfaces and
interfaces, as they have a broad selection of activation/immobilization chemistries
associated with the higher density of immobilization sites and basic surfaces. Hydrogel
materials are immobilized on a range of different substrates, including chitosan, agarose,
silica sol-gel, polyacrylamide, HEMA, etc. (The substrates often have surfaces modified
with an adhesion organiser to increase the stability of the films e.g., self-assembled

monolayer or polymer brush) 78,

Chitosan is a derivative of chitin. It is one of the most plentiful natural polysaccharides
and its nontoxic. It has some interesting unique properties such as its antimicrobial action
which prevents the growth of many varieties of fungi, yeasts, and bacteria, which can be
useful for use in the biomedical field, air cleaning and water purification applications. It
binds with toxic metal ions and it has a refractive index of 1. 338. Furthermore, chitosan
has a pH-dependent solubility: its primary amine groups have a pka value of 6.5 and are
positively charged at a lower pH. Chitosan becomes soluble at a higher pH as the amines
are deprotonated. This therefore facilitates the deposition of chitosan stable film on
different surfaces under neutral and basic pH conditions. All these properties are created
as a result of protonation of NHz*groups on the skeletal structure of chitosan ™ as
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Figure 1.22: Chemical structure of chitosan.
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Furthermore, the positively charged amines can be used for the attachment of
biomolecules such as antibodies, enzymes and DNA through covalent bonding. The
attachment can also carried out through physical interaction such as entrapment and
surface absorbance when the substance carries a negative charge. The chain of chitosan
polymer may also be crosslinked through an amine group, enhancing the strength and
chemical resistance of the film. Chitosan film without any modification is transparent
and thus can be used in optical sensors &°.

1.7 Differentiation of performance

Section 1.5 compares the advantages and disadvantages of different sensor architectures.
The sensitivity of Mach-Zehnder sensors is high but they are not as compact as micro-
ring resonators &, which require short lengths of three orders of magnitude and will
exhibit the sensitivity whereas the Mach-Zehnder based biosensors need long structures.
Their sensitivity is similar to that of Micro-ring resonator-based sensors, which depends
on the length of the sensing arm L. A change in temperature can introduce an undesired
shift in the propagating mode of an effective index, and the sensitivity in a Mach-Zehnder
sensor can be affected as a result of such a change. The sensitivity that can be achieved
with optical nanowires is much higher when sensing is about 7.5 pum, in comparison with
that of a conventional Mach-Zehnder based on integrated planar waveguides, which is
below 0.7 pm *°.

The most important advantage of configurations of Micro-ring resonator-based sensors is
related to the reduction of dimension without significant effect on the sensitivity of the
device. This is due to the large photon lifetime provided at the resonance over a long
interaction length which interacts with biomolecules to obtain a detectable phase shift.
Therefore, silicon slot waveguides have appeared very attractive nanometre ultrasensitive
optical biosensors. The refractive index (RI) sensitivity of a slot waveguide ring resonator
is over 298 nm RIU and a D.L of 4.2*10° RIU, and an estimated D.L of protein 20 pg
mm2, whereas in a normal waveguide based ring resonator sensitivity is about 70
nm/RIUS,

The resonance wavelength is monitored when the micro-ring resonator acquires a source
of a tunable laser; this will lead to increased instrumentation costs, which is also why this
project does not offer internal referencing for wavelength drifts, temperature drifts and

nonspecific binding of molecules. Mach-Zehnder interferometer based sensors can be
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utilized with a fixed wavelength diode laser source over a large dynamic range at low
cost, and offer internal referencing efficiency for the above parameters by using the

reference arm °2.

The Surface Plasmon Resonance (SPR) is commonly used as an evanescent wave sensor
It has outstanding performance in evaluating the interactions of complex biomolecules,
as a result of which it has been used commercially °°. However, the sensitivity of the SPR
sensor is limited to the nanomolar range, which is not enough for applications needing
lower detection levels such as in clinical practice, although it’s useful in various other
applications. Furthermore, Surface Plasmon Resonance has a relatively large size, which

is very complex to miniaturize in a lab-on-a-chip °2.

To overcome these drawbacks, the configurations of Surface Plasmon Resonance-based
optical fibre sensors allow for a compact sensing element as well as sensing of sample
volume, the potential for disposable miniaturized sensing devices, and the capacity for
remote sensing. Therefore these sensors have attracted significant attention, and lead to
proposing and demonstrating use SPR based optical fibre sensors, which include single

mode fibres or multimode fibres 8.

1.8 Immobilization of Biorecognition Receptors

Immobilization represents a critical step in improvement of any type of optical biosensors:
it makes detection more sensitive and easier. A broad range of biomolecules can be used
as bioreceptors, such as peptides, antibodies, enzymes, nucleic acid sequences, cell
receptors and many more. The immobilization procedure needs to maintain, the
bioavailability of the bioreceptors to target molecules in a solution “°. The chemical and
physical properties of the interface plays the main role in realizing optimum recognition
of the target molecules and reducing nonspecific adsorption. There is no generic
immobilization method because of the variability and complexity of biorecognition
molecules. Therefore, the choice of immobilization method depends on the specific

properties of the chosen biorecognition molecules.

Different methods have been used to biofunctionalize the sensor surface: (i) Physical
adsorption causes by direct deposition of biomolecules; (ii) physical entrapment in a
polymer layer; (iii) Covalent bonding of the bioreceptor to the surface; (iv) Non-covalent
bonding either by non-affinity binding (such as biotin-avidin systems) or by non-specific
electrostatic interactions 3.
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1.8.1 Physical Adsorption

In this process the interaction of the molecules with the surface by attractive reactions
will lead to adsorption on the surface from solution. A dynamic equilibrium is created
between the molecules adsorbed on the surface and the molecules in solution. The system
reaches equilibrium when the adsorption rate is equal to the desorption rate. The surface
concentrations are related to the residual concentrations, i.e. the high concentration in
solution means a high adsorbed amount. The surface excess is called ‘on the surface
concentration’, which is expressed in mol m. Some prefer a thermodynamic explanation
at the surface the standard chemical potential of the molecule is lower than that in the
solution, which represents at the same time a more appropriate environment for these
molecules. However, there are many disadvantages for immobilization by adsorption

methods only 84,

Adsorption methods are based on the interaction between biomolecules and the surface.
Thus the number of the adsorbed molecules will differ from spot to spot. When the solid
support is submerged in the solution, release of the adsorbed molecules is more likely:
this will cause loss of the signal and cross-contamination of the spots. So, the
immobilization process will happen again because of the reversal of the roles of probes

and target, which allows for this.

Physical adsorption of biomolecules to a surface depends on the nature of the surface of
the substrate and the sorbent, which occurs through van der Waals forces, dipole-dipole
interactions and hydrogen bonding. In general, physical adsorption is affected by
variations of the surrounding conditions, such as the solvent used, pH, and as well may
be a reversible process. On the other hand, physical adsorption may not give as high
density of the immobilization of biomolecules as covalent immobilization. So physical
adsorption is more often than not specific, and multi-oriented, and often causing
inaccessibility of the active binding site. Moreover, the immobilization of proteins on the
solid surface by physical adsorption is affected by the chemical and physical
characteristics of the sample being analyzed such as urine, blood, and waste water, etc.
Also, several factors can cause desorption of the adsorbed proteins such as ionic strength,
pH or particular additives in the sample. By using covalent coupling methods these

problems can be overcome .
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1.8.2 Physical Entrapment

The physical entrapment method involves entrapping the biorecognition element in the
structure of a substrate such as sol-gel processed glass. The sol-gel process is a powerful
method for immobilization of heat-sensitive and fragile biorecognition elements such as
antibodies, enzymes, proteins etc. This is because immobilization is straightforward, the
simplicity of preparation and the chemical inertness of the sol gel, negligible swelling
behaviour, optical transparency and mechanical stability. Two further advantages of a
sol-gel process are: that it can keep a large amount of water, making the encapsulated
enzyme catalytic centres or biorecognition agents stable for longer; and the method can
be carried out at room temperature. Moreover, using a porous substrate such as a sol-gel
processed glass offers the opportunity to insert size-dependent specificity towards
analytes, due to the fact that the size of porosity can be tailored. One disadvantage of this
process is the random orientation of biomolecules. This can mean the active sites are not

easily accessible within the matrix, thus making them unavailable .

Under basic or acidic conditions, the sol-gel method includes hydrolysis of alkoxide
precursors, followed by condensation and polycondensation of the hydroxylated units;
this will lead to forming of a porous gel. The resulting sol-gel is a polymeric chain whose
average length is greater than a micrometre. Biorecognition elements entrapped in sol-gel
have been used in the forms of coatings, films, or monoliths. The surface of an optical
sensing element such as waveguide, fibre, or a surface plasmon resonance device can be

been coated by a sol-gel processed film 878,

1.8.3 Covalent Immobilization

Currently there is more interest in covalent coupling of proteins to solid substrates is due
to the greater strength of this approach. In immunosensor applications the transducer

surface is usually activated before the attachment of proteins.

This method consists of forming a covalent bond between the biorecognition element,
such as antibody, protein, enzyme, or DNA, and the sensor surface. A chemical
modification should be performed to the surface before the biomolecule immobilization
step because the biorecognition elements cannot couple directly to the surface. The
modification of the surface often involves at least two steps. The binding of the
biomolecule represents the difficult step of the grafting process 8°.
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Indeed different constraints have to be accommodated in the process such as low
temperature, low concentration, and aqueous solvent etc. The process for attaching the
reactive biomolecule to the surface is devised when the chemical functionality of the
surface is chosen. The next constraint, the surface chemistry of the transducer should be
managed. Indeed, the transducer should be chosen according to its sensitivity to the
chemical signal, not for its ability to be grafted. Inorganic materials are used for typical
surfaces such as glass, silica, gold etc., but these have limited capability for reacting with

the biomolecules.

The chemistry involved is often quite strong and often a coupling agent is used which is
a bifunctional molecule. It may be either a homodifunctional agent if the two reactive
functions are similar (e.g. phenylenediisothiocyanate), or heterodifunctional if they are
different. One end of a coupling agent reacts with the functionalized surface while the
second end will further react with the biomolecules. The coupling agent is used either for

the chemical modification of the biomolecules or surface functionalization fig.1.23. *°.
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Figure 1.23: Main strategies of
chemical grafting; (1) activation of the
surface with heterodifunctional linker,

(2) activation of the surface with MM M i
homodifunctional linker, and (3) direct X 0 00X (X (X
reaction to active surface. ( ' )

1.8.3.1 Main Coupling Methods

In general, there are three kinds of coupling chemistry: amines, aldehydes, or thiol
functional groups on glycoproteins. In all types of coupling, strategies use free
carboxymethyl groups on the surface of a sensor. Therefore, they can be utilized for any
chips of the sensor which have such carboxymethyl groups. The method of choice is
probably ligand-thiol coupling when the protein is to be immobilized on a surface on

which a free cysteine or disulphide function group is exposed. If this is unsuccessful,
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amine coupling should be tried for. If this coupling method inactivates the protein,

aldehyde coupling can be attempted , provided that the protein is glycosylated .

(a) Amine Coupling

The most applicable covalent coupling method used for protein immobilization is amine
coupling. Immobilization of the protein is via free amine groups that are abundant in most

proteins, or the N-terminus of peptides and proteins as indicate in fig.1.24 %,
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Figure 1.24: Scheme of the covalent coupling of the amino groups of proteins to a carboxylic-
terminated surface.

This approach has many advantages including:

e Itishighly adaptable, as the huge majority of biomolecules may be immobilized
without requiring tags, or without derivatization.

e It produces a highly stable covalent bond which prevents the leaching of ligand
from the surface.

e It is very effective through a wide pH range.

e A biomolecule is not exposed to harsh conditions.

e The preparation and reagents may be stored frozen for a long time, may be a
few months.

e Immobilization conditions can be controlled easily to decrease cross-linking

with the surface.

44



(b) Aldehyde Coupling

Aldehyde coupling requires forming a hydrazone bond through condensation of
hydrazide groups on the surface of a sensor with aldehyde groups on the ligand molecule.
Aldehyde coupling is very useful for a specific orientation of protein immobilization that
contains functional groups and which may be converted to aldehyde moieties and also
may be useful for site-directed immobilization of glycoproteins and polysaccharides.
These aldehyde moieties may be introduced through mild oxidation of cis-diols present

in the ligand molecule or native to the protein %,

(c) Thiol Coupling

Thiol coupling via covalent coupling strategies allows site-specific reactions. Forming a
sulfhydryl (or thiol) group may be via the sulphur atom of cysteine. The low possibility
of cysteine’s existence or availability of proteins restricts thiol group immobilization to
the natural molecules. This indicates that it is very useful for inserting solvent-reactive
groups on the surface of proteins. Cysteine residues involved in disulphide bonds before
a subsequent reaction with activated surfaces can be cleft chemically or enzymatically.
Because the reaction of a thiol group is very specific, therefore, it is very quick to react

with various chemical functions that are highly stable in water fig.1.25 %,
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Figure 1.25: Scheme of the covalent coupling of the thiol groups of proteins to a carboxylic-
terminated surface.

The reaction of a thiol group onto supported thiol groups via forming of disulphide
linkage is the simplest approach. Under reducing conditions, disulphide bonds are
unstable. Formation of stable thioether bonds via reaction with haloacetamide groups, or

by Michael addition on maleimide groups represents alternative approaches. Thiols are
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exposure to self-oxidation. The reactions of oxygen with thiols in aqueous solution give

disulphides quite easily (pH 7-9), whole covalent methods are represented in fig.1.26 %.

0 ,.g%% = 9@({

H-N-
c o \
R R i“
| Solid Surface | Ild Surface Solid Surface
Amine Coupling Thiol Coupling Glycomoiety Coupling

Figure 1.26: Schematic representation covalent coupling immobilization.

1.8.4 Non-covalent Immobilization (Streptavidin-Biotin System)

As early as 1941, the strong interaction between avidin and biotin was discovered .
Avidin is a protein usually purified from chicken egg white whereas biotin is a vitamin
that can be extracted from all cells. Streptavidin is a bacterial homologous protein to
avidin, separated from the actinobacterium Streptomyces avidinii. It is commercially
available and more frequently used than avidin because of the number of engineered

forms.

The interaction between avidin/streptavidin and biotin has been regarded as the strongest,

biological interaction known, with a dissociation constant (Kd) 4 x 104 M 97,

The formation of a bond between avidin/streptavidin and biotin is very rapid. When it is
formed, it is unaffected by extremes of organic solvents, temperature, and other
denaturing agents. A large number of research and diagnostic applications using the
strong interaction between avidin/streptavidin and biotin have been published. In
biotechnology, the strength and reliability of this interaction is very important, and it also
serves as a model for high-affinity receptor-ligand binding. In most assays, Streptavidin
is bound to a solid phase such as a biosensor chip, whereas biotin is bound to the moiety

of interest, often a nucleic acid, proteins or antibody %, as explained in section 2.14.

Streptavidin has four high-affinity binding sites for the small vitamin biotin that is easily
soluble in water. Many biotin molecules can be linked to a single molecule of protein and

biotin can be bound to different biomolecules involving antibodies as shown in fig.1.27.
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This immobilization approach is utilized in this research to apply with the antibody Tissue

Factor (TF) as explained in the experimental section 88,

Antigen

Y Biotinylated antibody
O

? Streptavidin

Figure 1.27: Schematic drawing of streptavidin-biotin immobilization *°

1.9 Application of method - Tissue Factor (TF) analysis

Tissue Factor (TF) is an initiator of the external coagulation cascade which is expressed
in different types of cancer cells and has an important function in angiogenesis,
progression and metastasis of cancer and embryogenesis. Some call it by different names,
such as differentiation CD-142; thromboplastin; or factor I11. It has a molecular weight
47 kiloDalton (kDa) of glycoprotein receptor. Recently, it has been shown that TF plays
a vital role during fetus formation as insufficiency of TF in transgenic mice causes
weakening of vascular function and unusual development of the yolk sac, causing death
by day 10.5 10,

TF is expressed in essential organs including the heart (myocardium), brain (meninges
and cerebral cortex), kidney (glomeruli), lung (bronchial mucosa, alveolar epithelial cells,
aleveolar macrophages and alveolar septa), placenta and blood vessels (adventitial cells
surrounding the blood vessel walls). Expression of TF on these organs has a protective

effect in impeding or stopping bleeding that has dangerous sequelae for these organs 0%,

Moreover, TF is expressed in non-vital organs such as the gut (mucosa), the peripheral
nerve (Schwann) cells, skin (epidermis), and spleen (trabeculae and capsule).
Furthermore, TF is usually expressed in host cells such as monocytes, macrophages and
fibroblasts, endothelial cells but only in remodelling signals in malignant cases or in
response to inflammatory stimuli %2, The amount of biologically active TF is relatively

minor in the plasma of healthy individuals, but this amount increases in different
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conditions such as cancer. Pancreatic Cancer (PC) displays high plasma TF concentration

that is positively correlated with the occurrence of thromboembolism (TE) 1%,

There are 3 distinct domains of this factor, which is composed of 295 amino acids (AA):
a 32 AA leader sequence (264-295), which is split to yield the protein, 263 AA which is
formed of three domains (cytoplasmic, transmembrane and extra-cellular) that have
recognizable roles. The extra-cellular N-terminal domain (AA 1-219) includes two
domains of fibronectin type 111, which react with FVIla for initiation of the coagulation
cascade and are attached to factor Xa and factor Vlla; while the transmembrane domain
comprises 23 AA (220-242), and the short C-terminal cytoplasmic domain 21 AA (243-

263) includes three serine residues as indicated in fig.1.28. 1%
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Figure 1.28: Schematic representation three intracellular serine residues of tissue factor

TF appears to have the symmetry of a class Il cytokine receptor 1%. However, it does not
display all the conventional features of a cytokine receptor, due to the fact that the C-
terminal intracellular domain of TF is very short and needs the membrane-proximal
design for attaching of the non-receptor Janus kinases (JAKSs). The cytoplasmic domain
can be phosphorylated by the effect of phorbol ester, when incubated in the synthetic
cytoplasmic domain with cell lysate that has been phosphorylated at multiple sites and
through a mechanism including protein kinase which can be phosphorylated at serine 253
and serine 258. This phosphorylation is very necessary for cancer metastasis which
increases the chemotaxis ability of malignant cells via involvement of the cytoplasmic

domain of TF in TF-Vlla signalling 1%,
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The behaviour of cells through FVIa/TF signalling alters the tendency for aberrant
expression of TF on the tissue. Moreover, high expression of TF is related to greater
growth of primary pancreatic cancer (PC) and consecutively more with FVIIa/TF
signalling %7, Another source of TF in the blood is circulating microparticles which will

be discussed in detail.

1.9.1 Microparticles

Microparticles (MPs) can be defined as membrane vesicles which have a diameter around
0.1-1 pm and are shed from the plasma membrane of apoptotic and stimulated cells and
healthy cells. Microparticles were discovered in 1967 by Wolf, but he considered them
as “platelet dust” 18, The sources of different types of microparticles can include platelets,
monocytes, tumour cells, granulocytes, endothelial cells, and smooth muscle cells.
Tumour cells are considered the main source of TF-bearing MP. The structure of
microparticles consists of a cytoplasmic constituent and membrane components such as
phospholipids (PL) and cell surface receptors. Following stimulation, the plasma
membrane is rearranged resulting in an outer leaflet rich in phosphatidylserine, essential
for TF activity. This is followed by release of MP into the circulation. Furthermore, p-
selectin dependent interaction among platelets, macrophages and granulocytes
determines expression of TF activity. Moreover, MP express antigenic markers
distinctive of the parent cell fig.1.29 1%°. MP might express P-selectin glycoprotein ligand-
1 on their surfaces. Endothelial MP (EMP) are also known to contain matrix
metalloproteinases (MMP) in addition to procoagulants that are involved in angiogenesis.
MMP play an important role in the cell invasion processes. MMP degrades the basement

membrane allowing the invasion of the interstitial stroma by migrating endothelial cells
110
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Figure 1.29: Schematic representation of Microparticle.

In vitro, using chemical stimuli such as incubation with Interleukin 1 (IL-1), tumour
necrosis factor alpha (TNF-a), and bacterial polysaccharides has led to the induction of
microparticles, as also have external causes such as oxidative injury, hypoxia, and

chemotherapy caused by the damage to endothelial cells 1,

The activity of pro-coagulant in cancer patients mostly relies on the number of MP
circulating bearing PL and TF, and these factors (PL and TF) are essential for
transforming FVII to FVIla which is very important for the external pathway of
coagulation. Additionally, enough evidence is accumulating of a relation between the
activity of TF expressed on MP and thromboembolism (TE) in cancers *2. Some
investigators have reported that MP bearing TF are necessary for coagulation causing
growth and increase of blood clot size instead of initiating coagulation, because the level
of TF within the MP is thought too low to trigger the formation of the clot itself, or to be
encrypted; however, other investigators suggested that MP bearing TF initiate
coagulation and affect vascular function. The TF+MP may both initiate and increase the
clot when MP bear a high level of TF. Furthermore, the highest levels of TF activity can
be found in pancreatic cancer patients while levels of MP can be increased in patients
with some cancer types. Finally, a literature review on MP has supported the idea that is
a relation between an increase in the number of MP with the activity of TF in several

types of cancer including pancreatic cancer %2,
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1.9.2 Correlation between Thrombosis and Cancer

Trousseau described thrombosis in 1865 as a main complication of cancer. The risk of
thrombosis in patients with cancer is increased 2-7 fold by comparison with people
without cancer 4, Furthermore, the rate of recurrence of thromboembolism (TE) has
been noted as higher in cancer patients than in those without cancer (1.9% vs. 5.4%). In
many patients with malignancy, aberrant coagulation was detected, especially in
advanced levels or disseminated stages. Moreover, when increasing the prevalence of
abnormalities in coagulation, the likelihood of a recognisable haemostasis-related clinical

syndrome will increase *°.

That has been supported by a seminal post-mortem study in 1938 which showed that TE
Is the main complication of pancreatic cancer, related to the high incidence that has been
found in pancreatic tail tumours 8. Pancreatic cancer (PC) has been proved in many
recent studies to be one of the malignancies with the highest spread of thromboembolism
(TE) (it occurs in more than 57% of pancreatic cancers), and developing thrombosis in a
patient's cancer is increased with chemotherapy treatment. Thromboembolism (TE) in
pancreatic cancer (PC) patients is related to a short survival period, and the associated
early mortality may be directly correlated to the occurrence of thromboembolism (TE)!’.
There are three explanations for the correlation between thrombosis and reduced survival
in Pancreatic cancer (PC). First, the thrombosis itself is potentially fatal, and this risk
increases directly with the use of many of the conventional therapies, involving
erythropoietin, chemotherapy, and anti-angiogenic drugs. Second, malignant cells exhibit
increased ability to shed microparticles (MP) and induce thrombosis as they are inherently
more aggressive. Lastly, sustaining a continuous loop of factors that promote trafficking
and anchoring, tumour growth, invasion and metastasis or a combination of one or more
processes causes the targeting of aberrant coagulation which exacerbates the malignant

phenotype 8,
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1.9.3 Methods Used to Measure TF (I11)

Many studies have demonstrated that the major physiological effectors of the initiation
of coagulation in blood are pre-existing TF on circulating microvesicles and exposed on
the surface of activated platelets. In addition, TF has lately been suggested to be the
principle initiator of pathological thrombosis and physiological coagulation, existing in
human blood: the location and functional significance of intravascular TF is unknown %,
The majority of studies using commercial assays report high concentrations of Tissue
Factor present in plasma or in microparticles and blood cells. Tissue Factor (111) was
detected by different methods under all conditions in plasma, in whole blood, and in
suspensions of isolated blood components. To induce the TF-dependent activation of
coagulation that were found in microvesicles and activated platelets which should be
required substantially to contribute for thrombogenesis. In line with this view, no TF-

dependent fibrin formation was measurable, without platelets and microvesicles 2.

Another study in patients with metastatic breast and pancreatic cancer who presented with
thrombosis found that that blood coagulation was initiated after isolation of MP in vitro
because of the existence of active TF on their membranes. Aspc-1 cells containing high
TF antigen levels were assessed by flow cytometry and relative mean fluorescence

determined in comparison with Miapaca-2 contained 0.0017 pM of TF?,

Furthermore, TF expression was determined in pancreatic tissues with pancreatic
adenocarcinoma by immunofluorescence. These were investigated for soluble TF levels
and coagulation activation markers [thrombin-antithrombin III complex (TAT),
prothrombin fragment 1 + 2 (F1 + 2)]. The expression of TF assessed in pancreatic cancer
cell lines (Aspc-1 and Miapaca-2) were 357 pg mL™ and 178 pg mL™ respectively*??.

A new chemiluminescent enzyme immunoassay (CLEIA) has been constructed using an
anti-human TF monoclonal antibody. Moreover, the CLEIA automated method is more
effective than traditional methods such as enzyme-linked immune sorbent assay (ELISA).
In addition, the CLEIA method seems to be a simple and quick method with higher
sensitivity than the ELISA kit. The detection limit of the CLEIA method was determined
to be 0.02 pM of TF expressed from Miapaca-2 cell lines, whereas the detection limit
using the ELISA kit was 4.2 pM 1%,

Another study has reported that this is related to investigate expression of tissue factor

(TF) on pancraeatic cell lines. This was evaluated using optical biosensor interaction
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analysis. Fragments of TF were found to bind to plasminogen in a dose-dependent manner,
with a detection limit of 10° pM. Using optical biosensor analysis (SPR), this study
reported whether plasminogen had an effect on the binding of factor F (V1) and F (Vl1la)
to TF apoprotein. Plasminogen and FVII were found not to block each other’s binding to

TF and probably bind at an independent site 24,

Furthermore, the quartz crystal microbalance (QCM) sensor was found to be capable of
detecting different TF concentrations responsible of clot formation. This technique has
been used to obtain substantial information about the clotting process when a potential is
applied to the system there is a point where the redox species is oxidised or reduced, when
this happens there is a change in current and this current can then be measured to
determine the concentration of analyte within the sample. In addition, QCM has many
advantages such as it has the potential to be used for point-of-care diagnostics and easy
to operate for real-time analysis of blood coagulation. This method requires the use of an
electrochemical label. The detection limit of tissue factor by QCM technique was 0.35
pM 125

Generally, through the last ten years, many conflicting studies have been published
related to the concentration, presence, and functional activity of TF in various blood cells
and platelets, circulating in blood as a soluble protein. A number of researchers have
reported a high concentration of TF antigen circulating in blood at a particle size of 5-10

nm, and this active protein can be reaching (sub)-nanomolar concentrations.

On the other hand, other groups of researchers published some data indicating that the
concentration of active protein does not exceed 0.02 pM of TF-related activity either in
plasma or in blood from healthy humans. Furthermore, depending on the experience
collected from several laboratories, sub-picomolar concentrations of functional TF

existing in blood or plasma may be activated within several minutes.

Most studies that have reported high concentrations of TF in platelets and blood cells and
the presence of TF in plasma have used commercial assays such as ELISA, Flow

cytometer, and Confocal laser scanning microscopy, etc?®.

This sensing system have been used to measure smallest concentrations of Tissue Factor

(1), and tablel.3, shows limit of detection and sensitivity for the whole methods.

In this work, we are developing a label-free optical biosensor based on dye-doped leaky

waveguides (DDLW). Label-free optical sensors are an attractive technology because
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they do not require fluorescent dyes or radioactive isotopes for detection, thereby
reducing cost and measurement time. Our group is developing dye-doped leaky
waveguide (DDLW) system for label-free sensing featuring a thin hydrogel layer as
porous waveguide material (chitosan) as the porous waveguide material. The porous
hydrogel layer is advantageous as a waveguide because the bio-recognition molecules can
be immobilised in its entire volume. The previous work has focussed on agarose as
waveguide material for enzyme assays *27. Here, we investigate chitosan, since it features
functional amino groups, and is thus amenable for tethering of bio-recognition elements.
We have chosen Anti-1gG as bio-recognition elements as an initial example application.
Biotinylated anti-rabbit 1IgG was immobilised by binding between streptavidin and biotin.
The binding of rabbit-1gG and the immobilised anti-rabbit 1gG was studied. Once the
immobilisation chemistry is developed, the waveguide system is intended to be used to
study the release of tissue factor (TF) from pancreatic cells in real-time, and compared to
the conventional microwell-based ELISA system. Different TF concentrations (0.003,
0.03, 0.3, 3, and 30 pg mL™1) were investigated.

Table 1-3: Sensitivity and detection limit of Tissue Factor (111), which expression on pancreatic
cell lines.

Flow Cytometry Miapaca-2 0.0016 pM 0.0004
Aspc-1, 1310 pM 357
Immunofluorescence )
Miapaca-2 653 pM 178
Chemiluminescent Enzyme )
Miapaca-2 0.02 pM 0.005
Immunoassay (CLEIA)
Optical Biosensor ]
_ _ Miapaca-2 106 pM 105pM
Interaction Analysis
Quartz Crystal
_ Aspc-1 0.35 pM 0.0953
Microbalance (QCM)
) Aspc-1,
ELISA kit _ 4.2 pM 1.144
Miapaca-2

This table indicates some methods required a long-time (> 1 day) to get results, while

others needed several hours, also detection limit different for all methods.
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Aim and objectives

The aim of this thesis is to develop a dye-doped leaky waveguide (DDLW) system for

label-free sensing featuring a thin hydrogel layer as porous waveguide material for

detection of biomarkers at pg mL™ levels. Chitosan was selected for the waveguide, since

it features functional amino groups, and is thus amenable for tethering of bio-recognition

element. Anti-1gG was selected as a model bio-recognition elements for an initial example

application. Biotinylated anti-rabbit 1gG was immobilised by binding between

streptavidin and biotin. Once the method was demonstrated for the model compound the

aim was to study a real application. This would be based on the release of tissue factor

(TF) from pancreatic cells in real-time.

The objectives of this project were:

Optimisation the concentration and the thickness of a waveguide layer by using
different concentrations (1%, 1.5% and 2%) of porous materials (chitosan) at
different spin speeds (2000, 3000, and 4000 rpm).

Calculation of the available amino groups on chitosan waveguide that would be
available for attachment of biorecognition elements.

Optimisation of the porosity of the chitosan waveguide.

Optimisation of the immobilisation of rabbit IgG and the binding of rabbit-1gG
based on chemistry attachment, concentration of 1gG and anti-lgG, type of buffer
used and finally incubation time of blocking molecules.

Investigation of a real application. The release of tissue factor (TF) that has been
expressed from pancreatic cell lines (Aspc-1 and Miapaca-2 cells) will be studied

with results to be compared with the conventional microwell-based ELISA system.
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CHAPTER 2

Experimental Methodology
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In this chapter, the utilised equipment and material are described, processes to optimise
the waveguide layer are laid out, and experimental methods for enhancement of thin
polymer waveguide film porosity are given. The aim of these methods to get a waveguide
thin film, smooth and uniform. Moreover, characteristics of a waveguide film and
investigate the porosity, all of which have been done through describe tool and materials
which are used to optimize and characterize the waveguide layer in order to immobilize

biorecognition elements into the waveguide film.

2.1 Materials

The reagents used during the project are shown in table 2.1. Reagents were analytical
grade, unless otherwise stated. Reagents were used as supplied unless otherwise stated.
Deionised water was obtained from tap water via a water purification system (Elga Ltd.,
UK).

Table 2-1: List of materials and companies they were obtained from grouped by type of
experiment.

Solvents
Ethanol >09.5 Sigma-Aldrich, UK

Chitosan film preparation

Acetic acid (0.1 M) Sigma-Aldrich, UK
Chitosan low MW ~ (50-190 kDa) 75-85 Sigma-Aldrich, UK
Chitosan high MW ~ (310-375 kDa) 98

Glutaraldehyde 25 Sigma-Aldrich, UK
Reactive Blue 4 dye (RB4) <=100 | Sigma-Aldrich, UK

Buffers and pH adjustment
HEPES buffer (pH 7.4) >09.5 Sigma-Aldrich, UK
Phosphate buffered saline (PBS) tablets Sigma-Aldrich, UK

Sodium phosphate monobasic dehydrate

>99.0 Sigma-Aldrich, UK
(NaH2PO4 - H20)

Sodium phosphate dibasic (NazHPOa4) >08.5 Sigma-Aldrich, UK
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Sodium hydroxide (NaOH)
Monopotassium phosphate (KH2POa4)

Silica nanoparticle experiments

Ammonium hydroxide (NHsOH)

Silica nanoparticles (100 nm)
10 % (w/v) in ethanol

Silica nanoparticles (200 nm)

10% (w/v) in ethanol
Tetraethyl Orthosilicate (TEOS)
Chitosan film characterisation

Fluorescein isothiocyanate isomer (I)
(FITC)

Glycerol

Polyethylene glycol (PEG) MW (40 kDa)
Polyethylene oxide (PEO) MW (100 kDa)
Polyethylene oxide (PEO) MW (200 kDa)
Polyethylene oxide (PEO) MW (400 kDa)
Linking proteins to film

N, hydroxysuccinimide-polyethylene
glycol- N,
(NHS-PEG-NHS) (500 Da)
NHS-PEG-NHS (2000 Da)
NHS-PEG-NHS 3000 Da)

hydroxysuccinimide

NHS-PEG-NHS (10,000 Da)
(N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide) (EDC)

Sulfo-(N-hydroxysulfosuccinimide)
Sulfo-NHS

Reagents for 1gG assays
Bovine serum albumin (BSA)

Monoclonal goat anti-rabbit 1gG
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> 97
> 99

35%

10% wiv

10% wiv

98

>99

>99

> 08

> 08

Sigma-Aldrich, UK
Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK
Sigma-Aldrich, UK
Sigma-Aldrich, UK
Sigma-Aldrich, UK
Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Sigma-Aldrich, UK

Abcam plc, Cambridge, UK



Polyclonal goat anti-rabbit 1gG

Biotinylated goat anti-rabbit 1gG
Rabbit 1gG (HRP)

Streptavidin

Tissue factor (TF) assay reagents
Duo Set ELISA Ancillary Reagent Kit 3

Human Coagulation Factor I11/Tissue
Factor (TF) KIT

Cell line experiments

AsPC-1 (Cell Lines generated from
Pancreas Ascites from an
Adenocarcinoma)

MIA-PaCa-2 (Cell Lines generated from
with a primary adenocarcinoma
tumour)

RPMI-1640 (Roswell Park Memorial
Institute, medium culture human
leukemic cells)

Trypan blue solution
(CssH2aNsNasO14S4) in water, <0.1
mg/mL

DMEM High Glucose Without L-

Glutamine

Abcam plc, Cambridge, UK
Abcam plc, Cambridge, UK

R&D system Europe, Ltd.
Abingdon, UK

Sigma-Aldrich, UK
R&D system Europe, Ltd.

Abingdon, UK

R&D system Europe, Ltd.
Abingdon, UK

ATCC, Teddington, UK

ATCC, Teddington, UK

PAA the cell culture company,

Yeovil, Somerset, UK

Sigma-Aldrich, UK

PAA the cell culture company,
Yeovil, Somerset, UK

2.2 Waveguide Fabrication and Characterisation

2.2.1 Concept of Optical Setup

The concept of the dye-doped leaky waveguide (DDLW) has been laid out in detail in

section 1.6.5.1). Briefly, a glass substrate of high refractive index (n = 1.51) is coated

with a fairly thin chitosan layer (ca. 500 nm) of medium refractive index (n ~ 1.338); the
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top layer of aqueous sample or buffer solution features a lower refractive index (n ~ 1.333)
(fig.2.1). When coupled into the waveguide above a critical angle (6¢), light travels along
this waveguide based on total internal reflection (TIR) and Fresnel reflection/refraction
(fig.2.2a and c). The waveguide is doped with an absorbing dye (RB4) which causes a
dip in the reflectivity curve at a resonance angle (6r). The chitosan layer can be modified
with biomolecules such as antibodies through its entire volume to allow specific binding
for immunoassays. Such binding events cause a change in refractive index within the
waveguide layer and thus a shift in the resonance angle (dip). This is used for

quantification of the binding events occurring in the waveguide layer (fig.2.2b and d).

Aqueous solution
n=1.333

Glass substrate \ Fresnel \

Thick 1 mm, n=1.51 refraction

Figure 2.1: Glass substrate 1 mm thick (n = 1.51), coated with chitosan layer of chitosan (n =
1.338), the ‘cover’ are the aqueous solution (water n=1.333). When irradiated above a critical
angle, light propagates through the chitosan layer by total internal reflection (TIR) and Fresnel
reflection/refraction.

1 A
(a)| aqueous (b) :
SOl () > | critical —»
TIR waveguide| .2 angle 6,
; 3]
0 | 2 [ resonance
substrate N\ Fresnel\‘ ‘ o / angle 6,
. (n3) refraction : : o
angle 6
(c) sample o (d) 4
—_— ) U C Y 3
TR 2 Ve 2
: Ve wave-| G
} guide| 2
o
N\ Fresnel ™\ = s
substrate refraction >

angle 6

Figure 2.2: a- Coupled the light into the waveguide layer above critical angle, b; The waveguide
is doped with an absorbing dye (RB4) which cause a dip in the reflectivity curve at resonance
angle, c; The waveguide layer can be modified with biomolecules through its entire volume to
allow specific binding for immunoassays; d; A shift in the resonance angle (dip) that’s due to
the change in the refractive index when binding events of biomolecules within the waveguide
layer.
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To conduct measurements with this concept, the chitosan film needed to be deposited a
substrate and interfaced to a flow cell to allow fluid delivery. The flow cell is then
mounted onto an optical setup to introduce light at a given angle and detect the light
exciting the waveguide via a suitable detector (fig.2.3). The data then needs to be

processed. These are described in the following sections.

(a) Outlet l!!Tct

LI N (b)
black PMMA outle inlet dye-doped
% Y flow cell N\ /2 chitosan
oot b glass

Waveguide
~

substrate™~.

y

; reflected‘
) light
Detector \ / 9 # / incident

\"\\ Prism |lght

Figure 2.3: Schematic representation of (a) an optical setup that was used to optimise and
characterise the waveguide film and to investigate the binding reaction of biorecognition
elements and (b) It consists of the light source, detector, and the device.

2.2.2 Glass Substrate Cleaning

To get good adhesion between the substrate and the waveguide film, the substrate should
be treated to render it hydrophilic. Glass microscope slides of dimensions 25 mm x 75
mm (VWR Leicestershire, UK) and 1 mm thickness were cut into 25 mm x 25 mm squares
using a diamond scribe and a ruler for guidance. The glass squares were cleaned in three
steps: firstly, using tap water with soap, secondly, in de-ionised water and, finally, in

ethanol (>99.5%), each in an ultrasonic bath (Buckinghamshire, UK) for 30 min.

2.2.3 Preparation of Chitosan Solutions

Chitosan was obtained as a powder. A range of chitosan solutions were made up with
concentrations of 1.0%, 1.5%, 2.0%, 3.0% and 4.0% (w/v%). These were prepared by
weighing an appropriate amount of chitosan and dissolving it in 10 mL of 0.1 M aqueous
acetic acid. Dissolution of the chitosan was achieved by magnetic stirring for 90 min.
Immediately following this, 12.5 pL of 50% (v/v %) glutaraldehyde in water was added

as a crosslinker and left to react for 15 min. This was used straightaway for spin-coating.
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2.2.4 Spin Coating Chitosan on the Glass Substrate

For spin coating, a clean glass slide substrate was mounted on the chuck of a spin coater
with Norland Optical Adhesive (NOA, 13685, Tech Optics, UK). A vacuum of ~10 psi
was used to hold the glass substrate on the chuck. About 2 mL of chitosan solution was
dispensed onto the glass substrate such that it was flooded and spread out uniformly
covering entire the surface (fig.2.4). The substrates were spun at a range of spin speeds
(2,000, 3,000 and 4,000 rpm) for 30 s. Excess solution was thus removed from the glass
substrate surface leaving a thin film. Following spin coating, the film was left to dry on
the bench for about half an hour. At this stage reactive-blue-4 (RB4) dye was added to
obtain a ‘dye-doped’ waveguide. This doping procedure was optimised as outlined in
section 2.3.1. The chitosan films were characterised as outlined in section 2.4.
Photographs of the substrate before and after film coating are shown in fig.2.5.

Deposition Spinning Drying

Figure 2.4: Process of spin coating the glass substrate with chitosan solution. (a) Dispensing 2
mL of chitosan solution onto the substrate, (b) spinning at 2000 — 4000 rpm for 30 s to achieve
a uniform spread out thin film and (c) film drying at room temperature on the bench.

Figure 2.5: Photographs of glass substrates coated with chitosan (a) before and (b) after
staining with RB4 dye.

62



2.2.5 Optical detection setup

A schematic of the instrumentation used for the leaky waveguide experiments is shown
in fig.2.6. A BK7 equilateral prism of 30 mm by 30 mm (Qioptic Photonics, UK) was
used to couple light in and out of the DDLW device. Two different sets of light source

and detector were used.

(1) To obtain reflectivity curves as function of angle of incident light, the light source was
a red laser (RS components, UK, A= 650 nm, power output 5 mV), and the detector was
a photodiode (OSD100-6, Centronic, Surrey, UK) (fig.2.7a). (2) To monitor the shift in
dip as a function of time, a red LED (RCLED, PR65-F1P0OT, Roithner Lasertechnik,
Austria) was employed as light source. A collimating lens (30 DQ 25, Comar Optics, UK)
and a cylindrical lens (100 mm YD 25, Comar Optics, UK) were positioned in front of
the LED to obtain a collimated and wedge shaped beam. For detection a monochrome
CMOS camera (PL-B781, Pixelink, Ottowa, Canada) with 2,208 pixels by 3,000 pixels
(6.6 mega pixels) was employed (fig.2.7b).

black PMMA  inlet outlet dye-doped
flow cell chitosan

glass

substrate™—an
incident
light

Figure 2.6: Conceptual drawing of setup showing the flow cell, waveguide in the chitosan layer.
(a) A circular laser beam with photodiode was used for measuring reflectivity curves and (b) a
wedge shaped beam from a red LED in combination with a CMOS camera was used to carry
out measurements to record the shift in dip.

reflected
light

This was accomplished by using an adaptor and passed through a variable diameter iris
(Comar Instruments, Cambridge, UK). The iris was positioned between the source light
and the prism end and a collimating achromatic doublet lens (Comar Instruments,
Cambridge, UK). The lens had a diameter of 25 mm and a focal length of 63 mm. The
output beam from the Leaky Waveguide (LW) was focused on a plano-convex lens with

a diameter of 6.3 mm and a 10 mm focal length.
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The light source and detector were mounted on rails, which were connected to two
goniometers (fig.2.7); the angular position was controlled via a computer interface
through a program by Dr Gupta's collaborator.

The goniometers provided high angular precision, one controlled the position of the light
source and the other was used to synchronise the detector to the corresponding specular

reflection angle. The whole system was encased in a light tight box with door (fig.2.8).

(a)

glass slide
glass slide c with chitosan
fed with chitosan .

photodiode . red
gdetector’ \ . B9/ ) -

glass slide metal holder
with chitosan system
red \ -

photodiode _
detector

Figure 2.7: (a) Setup featuring laser light source and photodiode detector at home position 90°,
(b) at 75° angle and (c) at 55° angle (d) Setup featuring red LED as light source and CMOS
camera as detection at 65 ° angle.
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Figure 2.8: Photograph of full setup encased in light tight box (a) with closed door, (b) with
open door.

Procedure for measuring absorbance spectra in cuvettes or

glass substrates

To produce simple absorbance measurements, (fig.2.9), a polymer cuvette (12.5 mm X
12.5 mm x 45 mm, 2.5 mL internal volume, 10 mm pathlengh, Brand, Germany) was
mounted into a holder. For absorbance measurements through chitosan coated glass
substrates, the glass slide was fixed in the holder with BlueTac. The holder was fixed in
the centre of the setup. The laser was used as light source and the photodiode as detector,
these were attached to the rails at 90°with respect to the normal to the base of the prism.

The acquisition time of the photodiode was set to 25 ms. The output was recorded in mV.
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Figure 2.9: (a) Schematic of absorbance measurement setup. (b) Photo of absorbance
measurement setup with light source and photodiode detector featuring mounted glass
substrate. (c) Photograph showing detail of glass substrate mounted on stage, (d) photograph
of cuvette mounted on stage.

Procedure for taking reflectivity curves

To produce reflectivity curves (fig.2.11), the laser was used as light source and the
photodiode as detector. These were mounted onto the rails (fig.2.10). Angular scans were
typically performed from 75° to 55° with respect to the normal to the base of the prism.
This was processed with a measurement time of 30 s. The acquisition time of the
photodiode was set to 25 ms. The output was then in the form of a reflectivity curve
(fig.2.11) showing amount of light picked up by the photodiode in mV as a function of
incident angle. A typical shape would show low reflectivity at low angles. When the
incident angle is above the critical angel (6c), the reflectivity rises sharply and remains
high. However, when RB4 dye is present, due to absorbance of light at a certain resonance
angle (6r), a reduction in reflectivity is observed around this resonance angle. This

reduction is reflectivity is referred to as ‘dip’ in reflectivity.
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Figure 2.10: Photograph of laser light source and photodiode detector at 65 ° angle.
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Figure 2.11: Reflectivity curve of the output light that picked up by the photodiode in mV as a
function of incident angle.

Procedure for measuring shift in dip

For quantitation of binding events, curves were obtained showing the shift in dip as a
function of time (fig.2.13). It is the shift in angle for the dip before and after a binding
event that is recorded to obtain information on amount of binding. The red LED was used
as light source and the CMOS camera as detector. These were held at a fixed position, i.e.
65°, with respect to the normal of the prism base, which is close to the resonance angle
for the chitosan waveguide (fig.2.12b). The CMOS camera captures a two-dimensional
image (fig.2.12c), the y axis represents a certain width of the flow cell (i.e. a distance
measurement), whereas the x-axis represents an angular reading. The dip in reflectivity
is recorded as a dark line on this image. If the dip in reflectivity shifts, the dark line moves
along the x-axis of these images. These shifts in darkness are recorded and tracked.
Initially a shift in pixels is obtained from the image, which is converted into a shift in
degrees as outlined in below.
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The CMOS camera was interfaced to a computer via USB 2.0. The camera settings were
controlled via PixeLINK capture OEM (Pixelink, Ontario, Canada). The data was
recorded through a program called GetFrame V8.

The software opens a menu (fig.2.12a), which allows the user to select number of bits (8
bit or 16 bit capture), brightness and also allows the user to start measurement. The image
obtained from the CMOS camera is also displayed on the screen, (fig.2.14). The image is
3,000 pixels (x-direction) and 2,208 pixels (y-direction). This represents a reading in
distance on the y-axis and a reading in angle in the x-direction. ‘Boxes’ for data capture
could then be drawn around the dip region (fig.2.12e) which resulted in a plot of distance
versus grey scale intensity being displayed (fig.2.12d). It was important to start and end
the boxes in the light regions around the dip. The software allowed automatic tracking of
any shift in the dark region using a center of gravity algorithm and a threshold of 60% of
the depth of the dip which was captured over time showing data for all the boxes drawn
(fig.2.15). When a measurement was started, the time plot would start from zero seconds
and continue saving data until such a time when the measurement was stopped. This data
was saved as csv file and later processed with Microsoft Excel. Typically, about 20 boxes

would be processed in parallel.

Figure 2.12: (a) Screenshot of window for menu selection, (b) shift in dip versus time, (c) pixels
versus darkness plot, (d) screenshot of CMOS image, (e) Screenshot of CMOS image with boxes.
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Figure 2.13: Concept of quantitation of shift in dip versus time.
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Figure 2.14: Examples of an image obtained from the CMOS camera. The x-axis corresponds
to an angle, the y-axis to the interrogated width on the flow cell.
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CMOS Photo Manually drawn detection boxes

PC- based recording of Excel file/plot
shift by some algorithm

Figure 2.15: (a) box diagram (1 CMOS photo to 2 manually drawn detection boxes to 3 PC —
based recording of shift by some algorithm to (4) excel file/plot) (b) Photos from computer
monitor showing the boxes for measurement drawn around the dark dip region, (c) photo of
computer monitor show time/shift plot. (d) How the data is captured as position of the box as a

function of time.

The calibration curve has been obtained by taking the reading of the dip position in pixel
that is provided by CMOS camera. This pixel is corresponding to the specific angle of
incident light. By changing the incident angle to different degree, a reading in pixel would

be different thus a calibration curve can be gained fig.2.16.
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Figure 2.16: Example of a calibration curve by taking the reading of the dip position in pixel
with changing the incident angle to different degree.
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Light was passed through an assembly of achromatic doublet and cylindrical lens to
obtain a wedge-shaped beam, which permit illuminating the DDLW with a range of
angles of incidence simultaneously. The beam width at the waveguide was 0.5 mm. The
focal length of the cylindrical lens used was 100 mm, which resulted in light of wedge

angle of ~14cin air or ~9¢in the prism.

The output of the DDLW was passed through a transmission grating (Thorlabs GT25-03,
300 lines mm—1, blaze angle 17.5¢) to disperse the output light and then an achromatic
doublet (Comar Optics100 DQ 25) to focus it onto the camera. The camera integration
time was 7 ms. the relationship between camera pixel and wavelength was determined by
introducing interference filters of known wavelength in the path of incident light and
recording the corresponding position of reflected light on the camera. The output is
captured by a camera that is connected to a program called GetFram V8 in PC where the

movement of the dip can be monitored.

Flow Cell Design 1

Flow Cell 1 was constructed from (1) an injection moulded black piece of PMMA
featuring access holes, (2) pressure sensitive adhesive double sided tape (3M) with a
channel structure cut out via laser cutter (at University of Manchester, courtesy of Dr
Gupta) and (3) the glass substrate with chitosan waveguide fig.2.17a. The two channels
cut into the in the adhesive tape (3M, 467MP, 50 um thickness, obtained from Viking
Industrial Products, UK ) were 5 mm wide and 8 mm long fig.2.17b. The black PMMA
piece featured four holes (1.5 mm diameter) fig.2.17c. Crimp Bootlace Ferrules (RS
Components) with 8 mm pin length and 1.5 mm pin diameter) were glued to the PMMA
to allow interfacing to tubing fig.2.17d. The fully assembled flow cell is shown in fig.
2.17e.
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Figure 2.17: (a) Schematic of flow cell 1, (b) photo of laser cut 3M tape, (c) photo of bottom of
black PMMA piece, (d) bottom view of device with 3M tape and chitosan-coated glass substrate
attached and (e) top view of fully assembled device with tubing.

Flow Cell Design 2

Flow cell 2 fig.2.18 consisted of (1) a piece of black PMMA (0.2 mm thick) with a milled
circular section, 0.2 mm deep and 4 mm wide diameter. This device was fabricated in
fabricated by Nick in Manchester. The waveguide instrument was also designed and made
by him. An O-ring was used for sealing. The PMMA piece with the O-ring was then

directly mounted on (2) the chitosan coated glass substrate.
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Figure 2.18: (a) Schematic of flow cell 2, (b) photo of milled black PMMA piece, (c) photo of
fully assembled device.
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Flow Cell Design 3

Flow cell 3 featured (1) a CNC milled black piece of PMMA mounted onto (2) the
chitosan coated glass substrate. The milling as shown in fig.2.19 was carried out by Dr
lles at the University of Hull. The design featured two channels with a recess for an O-
ring for sealing (, 0.2 mm deep and 4 mm wide diameter). Photographs of the milled

PMMA and the fully assembled flow cell are shown in fig.2.20.

32.65mm
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Figure 2.19: Schematic diagram illustration of the polystyrene flow-cell design.
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Figure 2.20: (a) Schematic of flow cell 3, (b) photograph of milled PMMA piece, (c) photograph
of fully assembled flow cell.
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The flow cell was positioned on the prism with refractive index matched oil (Series A,
Cargille Labs, New Jersey, USA) and clamped into a custom-made metal holder system
fig.2.21, to ensure the glass substrate was fixed in place fig.2.22.

Fit 5. TN
S 0 Flow cell |

Metal-holden

: . Metal holder

system

Figure 2.21: Photograph of (a) metal holder system that (b) a flow cell is positioned on the
prism and clamped with it to ensure the glass substrate was fixed in the place.

5.59cm
“

metal holder Flow “ ~ PVC tubing
System .Ce” - = to pump

Figure 2.22: Photograph illustrations of the polystyrene flow-cell design consist of red LED
light source and CMOS camera detector fixed at resonance angle 65¢.

Interfacing flow cells, pumping of liquids

For all three flow cells, pumping was achieved with a peristaltic pump (Minipuls®, 3
Gilson, UK). Ferrules (Crimp Bootlace Ferrules, RS Components) of 8 mm pin length
and 1.5 mm pin diameter, were glued into the inlet holes in all three types of PMMA
devices used for the three types of flow cell. Loctite Double Bubble 2-Part Epoxy Glue
was used throughout. Elkay PVC tubing (i.d. 0.76 mm, o0.d. 2.438 mm) was pushed over
the ferrules fig.2.23a and, at the other end, placed into vessels with buffer or solutions for
pumping as required fig.2.23b. To change from one solution to another, the tubing was

manually dipped into the relevant vessel. Liquid from the output was collected in a petri
74



dish. In order to allow efficient flushing of the system, for example to remove air bubbles,
syringes (HENKE SASS WOLF, Keltenstrabe 1, D-78532 Tuttlingen/ Germany) were

connected to the main tubing via T-pieces fig.2.24a, b, and c.

{ﬂ} inlat (b)
PVC tubing

channel \

Crimp Bootlace Ferrules

PMMA wafer

Figure 2.23: (a) Schematic illustration of interfacing to tubing, (b) example photograph of
ferrules with tubing and glue.

Figure 2.24: (a) Schematic of tubing and pumping setup, (b) photo of peristaltic pump and (c)
photo of syringes connected with T-pieces for manual flushing.

2.3 Waveguide Film Optimisation

2.3.1 Concentration of a Reactive Blue 4 Dye (RB4)

Chitosan was deposited on the glass substrates by spin coating as outlined in sections
2.2.2t0 2.2.4. A dye, Reactive Blue 4, needed to be immobilised in the entire volume of
the waveguide to obtain a dip in reflectivity fig.2.25a. The chemical structure of RB4 is

shown in fig.2.25b. RB4 was chosen for its light absorption properties and also for it has
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a functional group that reacts with the amino groups in the chitosan under acidic
conditions via electrostatic interaction fig.2.26. This allows bonding of the RB4
molecules in the entire waveguide volume and prevents the dye from leaching out of the

waveguide film.
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Figure 2.25: (a) Chemical structure of RB4 dye, (b) UV/vis absorbance spectrum of RB4 dye
(100 mM) between 200 nm and 800 nm.
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Figure 2.26: Electrostatic attraction between sulphate groups of RB4 and amino groups in
chitosan film.

After optimizing spin speeds and concentration of chitosan (section 2.2.2-2.2.4) a range
of RB4 solutions in water were prepared with concentrations of 1.5, 2.5, 5.0, 7.5, 10 uM
in order to study the effect of concentration of the dye on the chitosan layer. A blank
solution of water was also tested. These solutions were pumped through the flow cell
I1manually with a 5 mL disposable syringe. To avoid any air bubbles, water was injected
into the flow cell before testing each dye solution. The order of measurement of solutions
was from low to high dye concentration. Reflectivity curves were measured using the

setup described in section 2.2.5 for angles between 55° and 75°.

2.3.2 Effect of Different pH

The effect of pH of utilized buffer on the waveguide performance was investigated by
preparing buffer solutions from phosphate salts and phosphoric acid in deionized water.
Table.2.2, summaries the amounts used to obtain buffers with pH 4.0, 5.0, 6.0, 7.0, 8.0,
9.0 and 10. All were made up to 1000 mL with deionized water. The pH was verified with
a pH meter (HI 2210. Hanna Instruments Ltd. UK) and adjustments made by adding 0.1
M phosphoric acid (85%).
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Table 2-2: Preparation of phosphate buffer solutions with pH 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.

[ 4 193 30.7

5 25.7 24.3
6 12.3 87.7

7 61.0 39.0

8 94.7 5.3

9 955 45.0
10 966

The chitosan (2.0%) was spin coated (3,000 rpm) onto the glass substrate and stained by
manually flushing 5 mL of 10 uM RB4 dye solution through the flow cell (flow cell 1).
The flow cell was then flushed with 5 mL of buffer solution, and reflectivity was
measured as function of incident angle in the range 55° — 75° using the setup described
in section 2.2.5. The flow cell was then washed with 5 mL water before the next buffer
solution was introduced and the next reflectivity measurement was taken. Each buffer

solution was flushed three times.

2.4 Waveguide Film Characterisation

2.4.1 Determination of Amino Groups in Waveguide

To calculate the number of moles (n) of amino groups in the chitosan layer, the
concentration (c) of amino groups as well as the volume of the sample (v), need to
calculate the thickness of the layer (I) and the area (Ai) of incident light need to be

obtained, as expressed in equation 2.1.
n=c-V with  V=A4;" li..cuce..en. Equation 2.1

The concentration (c) can be calculated from the total concentration of RB4 dye bound to

the waveguide layer, which can be determined via absorbance spectroscopy and applying
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Beer-Lambert law (equation 2.2), with lo and | as the intensities of light in the absence
and the presence of the sample, respectively. Absorbance (A) at 650 nm was measured
using two different setups, namely (1) a conventional UV/vis spectrophotometer, USA
(model Bio Lambda 10) and (2) the optical setup with cuvette holder as described in
section 2.2.5, fig.2.9b. On the conventional UV/vis system, absorbance (A) is measured

directly.

On the waveguide system, lo and I represent the depth of the dips of the reference and the
sample solution, respectively. ¢ is the wavelength-dependent molar extinction coefficient;

c is the sample concentration, and b is the optical path length through the sample.

A= logIT0 =&bCceiininnnn. Equation 2.2

To carry out this study, 0.038 g of RB4 dye was dissolved in 20 mL water to make a 1
mM stock solution. This stock solution was diluted with deionized water to obtain
working solutions ranging from 0.1 uM to 100 uM. For UV/vis absorbance measurements
on the conventional system, the solutions were placed into a cuvette and absorbance was
recorded at 650 nm. Measurements were taken in triplicate. For measurement with the
custom-built optical system, the sample solutions were placed in a cuvette (12.5 mm x
12.5 mm x 45 mm, 2.5 mL volume, 10 mm path length, Brand, Germany), that was placed
into a holder as shown in fig.2.9c. The obtained signal (in mV) for the blank was taken
as lo, the obtained signals for the samples solutions (in mV) were taken as | to calculate

the absorbance as per equation 2.2.

Following the measurement of the aqueous RB4 solutions, different concentrations of
chitosan were prepared at 1.0%, 1.5% and 2.0% (w:v%) in 10 mL of 0.1 M acetic acid.
These solutions were transferred to a stirring device until the chitosan was fully dissolved.
Following this, 12.5 uL of 50% (v:v) glutaraldehyde was added to each solution and left
stirring for 15 min. These chitosan solutions were then spin-coated onto cleaned glass
substrates at 3,000 rpm for 30 s, as described in section 2.2.4. The absorbance of these
unstained spin-coated films with different concentrations of chitosan were measured for
reference. To study the uptake of RB4 by the chitosan films and thus estimate the number
of available amino groups, the chitosan films were stained in an incubation bath (Petri
dish) with 100 uM RB4 solution for different periods of time starting from 10 min up to
280 min. Every 10 min, the glass was taken out of the incubation bath and washed with
deionised water to remove any unbound molecules. The absorbance at 650 nm of the

stained chitosan films was then measured both on conventional UV/vis spectrometer and
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on the custom-built optical setup with laser light source and photodiode detector by
positioning the glass substrate on the respective holders and fixing it with BlueTac

adhesive. Measurements were carried out in triplicate.

2.4.2 Thickness Measurement

The thickness of the deposited chitosan film was measured with a white light
interferometer (Wyko NT1100, Veeco, USA). Chitosan solutions of 1.0%, 1.5%, 2.0%
w/v% were prepared in 10 mL of 0.1 M of acetic acid and 12.5 pL of 50% (v/v%)
glutaraldehyde were added as before. The WLI can visualize a surface area, any steps on
the imaged surface can be quantified in height. To measure the chitosan layer thickness,
half of the glass substrate was covered with a piece of masking tape. The chitosan gel
solution was then spun onto the glass substrate at 3,000 rpm for 30 s as before. For
measurement of dry chitosan layers, the films were dried at room temperature for about
30 min prior to measurement on the WLI. For measurement of wet films, the coated glass
substrates were kept in a Petri dish with deionized water until immediately prior to
measurement. The tape was removed, leaving half of the substrate covered with chitosan
film and the other half void of the chitosan film to allow for the film thickness to be

measured. Measurements of film thickness were by a member of staff in Physics.

2.5 Waveguide Sensitivity to Changes in Refractive Index

Quantitative measurement of binding events in the waveguide depends on changes in
refractive index. It was therefore important to establish the sensitivity of the developed
chitosan waveguide sensor with respect to changes in refractive index. To this end, a
series of glycerol solutions of known refractive index was prepared. A 10% (v/v) stock
solution of glycerol in water was prepared from which dilutions in water were made up
with concentrations of 0.1%, 0.5%, 1%, 2.5%, 5%, 7.5% and 10% (v/v). The refractive
index of these solutions was measured by refractometer (M 46.317, Hilger & Watts, UK).
A 2% (w/v) chitosan solution was prepared as before and spin coated onto the glass
substrate. The coated glass slides were then incubation with a RB4 dye (10 puM) for
different amounts of time, namely 10 min, 30 min, 60 min and 130 min. A flow cell
(design 1) was put onto to coated glass substrates and the assembly was placed on the
BK7 prism. The different concentrations of glycerol were pumped through the flow cell

via the peristaltic pump at a flow rate 0.25 mL min for a period of about 10 min.
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For these measurements the incident angle was fixed at the resonance angle for the
chitosan, i.e. at 65°. The setup as described in section 2.2.5, fig.2.7d was used, featuring
a red LED light source and a CMOS camera to capture an image of a section of the
waveguide layer. The dip in reflectivity is presented as a dark line on the image. The dark
line shifts when the refractive index of the waveguide layer changes. This shift is
monitored by the custom-written software, using a center of gravity algorithm and a
threshold of 60% of the depth of the dip, and translated to a shift in pixels, which can later

be converted into a shift in degrees.

The optimum time of incubation with dye was selected (10 min) as a result of these
experiments. In addition to making up glycerol solutions between 0.1% and 10% in water,
two different buffer systems were also studied, namely PBS (phosphate buffered saline)
at pH 7.4 and HEPES (2-[4-(2- hydroxyethyl) piperazin-1-yl] ethane sulfonic acid) buffer
at pH 7.4. These buffers were chosen as they are commonly used in biological research.
PBS is a salty solution containing sodium chloride, sodium phosphate, and, in some
formulations, potassium chloride and potassium phosphate. It is isotonic and non-toxic
to cells. HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4. is a
common buffering chemical and is classified as a "Good’s buffer" for the following

reasons:

e Itiseasy to prepare

e It has pKa values between 6.0 and 8.0

e It has limited effect on biochemical reactions

e It has very low visible and ultraviolet light absorbance

e Itis chemically and enzymatically stable

The refractive index of glycerol solutions made up in PBS and HEPES was measured
using the refractometer (M 46.317, Hilger & Watts, UK) as described above. The shift in
dip as these different glycerol solutions in PBS and HEPES buffer are pumped over the
chitosan waveguide were then recorded as described above. For these experiments flow

cell 1 was used.
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2.6 Porosity of the Waveguide Film

The porosity of the waveguide film is crucial: it determines the available surface area for
binding of biorecognition elements; the pore size need to be sufficiently large to allow
the recognition molecules as well as sample components to penetrate into the film and
thus give a fast response time; the 3-dimensional network structure of the film should also
be fairly stable to avoid excessive swelling or components of the film layer being carried

away with the flow.

2.6.1 Investigation the Porosity using the DDLW optical setup

To investigate the pore size of the waveguide layer, the effect of two components of
different molecular weight on the shift in dip was initially studied, namely glycerol as an
example of a low molecular weight compound (MW = 92.1 g mol™) and BSA (bovine
serum albumin) as an example of a higher molecular weight and thus larger compound
(MW = 66.463 kDa).

Glycerol solutions (0.5%, 1.0%, 2.5%, 5.0%, 7.5% and 10%) were prepared in PBS buffer
as before. A BSA stock solution of 10% (w/v %) was prepared by dissolving 1 g of BSA
in 10 mL of PBS buffer. A series of working solutions was then prepared by diluting the
stock solution with PBS to obtain BSA concentrations of 0.5%, 1.0%, 2.0%, 3.0%, 4.0%
and 5.0%. The refractive index of these solutions was determined with the refractometer
(table 2.3).

Table 2-3: Refractive indices of Glycerol and BSA solutions.

Glycerol in PBS R. BSA in PBS R
(V/v %) (w/iv %)
0.5 1.3355 0.5 1.335
1 1.336 1 1.336
2 1.3385 2 1.3375
3 1.3405 3 1.3395
4 1.3435 4 1.340
5 1.348 5 1.341

Chitosan waveguides were prepared as before from 2.0% chitosan solution and

glutaraldehyde. The chitosan film was stained with 10 uM RB4 dye solution for 10 min.
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After that, these slides were washed with distilled water and dry on a hotplate at 40 °C,

for a couple of minutes.

In these experiments, flow cell 1 was attached to the substrate with waveguide. The flow
cell assembly was placed on the prism and the shift in dip was measured as described
before (section 2.2.5) using an angle of 65° for the incident light and CMOS detector.
Solutions were pumped via peristaltic pump at a flow rate of 0.25 mL min™. Following
flushing with deionised water, the glycerol solutions with increasing concentrations were
consecutively pumped through the device, each for 10 min. This was followed by a flush
with buffer. Subsequently, the BSA solutions were pumped through the chip, from the
lowest BSA concentration to the highest, each for 10 min. This was again followed by a
wash with PBS buffer.

To study the porosity of the waveguide film further, polymers of different molecular
weights were also tested. PEG (polyethylene glycol) and PEO (polyethylene oxide) were
purchased with different molecular weights, specifically 40 kDa (PEG), 100 kDa (PEO),
200 kDa (PEO) and 400 kDa (PEO). These were dissolved in PBS to obtain 1% (w/v)
concentrations. A 1% glycerol was also utilised in these experiments for comparison as it
has the same refractive index as the polymer solution (n = 1.3355). The workflow
involved pumping at 0.25 mL min of PBS, then glycerol, then PBS again and then the
polymer solutions with increasing concentrations for 10 min each. Following pumping of
each polymer solution, the flow cell was flushed with PBS for 10 min. Importantly, for
these polymer experiments, flow cell design 2 was utilised, which only features one

circular measurement ‘channel’ and no reference channel.

2.6.2 Investigation Waveguide Porosity using Fluorescence

Fluorescence analyses was carried out to investigate and quantify the binding of

fluorescently labelled BSA protein to the chitosan hydrogel.

A 2 % (w/v) chitosan solution with glutaraldehyde was prepared as described previous
(section 2.2.3). 1 mL of the chitosan solution then was poured into cuvettes and left to
dry at room temperature for 24 h. The dried chitosan gel in the cuvette was then measured
by fluorimeter at Aex = 490 nm and Aem = 525 nm (Perkin Elmer LS 55 Fluorescence
Spectrometer (Perkin Elmer LS 55 Fluorescence Spectrometer Bio Lambda 10, USA) as
a blank.
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A 0.05% (w/v) solution of bovine serum albumin (BSA) conjugated with FITC
(Fluorescein isothiocyanate) (BSA-FITC) was prepared in 10 mL of PBS (pH 7.4).
Separately, a 0.05% (w/v) FITC solution was also prepared in 10 mL of PBS (pH 7.4).
Two mL of each solution was pipetted into different cuvettes and left 2 h for to incubate.
The fluorescence was then measured as above. Following this, the cuvettes were washed
three times with 2 mL PBS buffer and the fluorescence intensity of the gel in the cuvette

was measured again. Each test was run in three cuvettes (n = 3).

2.7 Enhancement of Waveguide Porosity

The pore size of the waveguide film is a fundamental factor which determines whether
biorecognition elements such as antibodies can to penetrate into the film for their
immobilisation. If the pore size is too small, the antibodies will simply adsorb on the
surface of the waveguide layer or become only partly entrapped in the pores. The pores
also need to be sufficiently large to allow analytes of interest from the sample to penetrate
into the waveguide film for binding. In order to enhance the porosity of the waveguide
film, a number of approaches were investigated as outlined below.

2.7.1 Incorporation of Silica Particles as Porogens

Silica nanoparticles (NPs) were envisaged as poregens. The idea was to incorporate them
during the waveguide film deposition and then to dissolve them with sodium hydroxide
(NaOH) in order to obtain pores of the size of the silica particles.

Initially, commercially available silica nanoparticles (100 nm) obtained from Sigma
Aldrich as 10 % (w/v) suspension in ethanol were investigated. A working suspension of
1% silica NPs was prepared by diluting with deionised water. To study the solubility of
these particles in NaOH 5, 10 and 15% (w/v) aqueous solutions of NaOH were prepared.
A series of tubes were then charged with 20 pL of the 1% silica suspension with different
volumes (5, 10, 20, 30, 40 uL) of the different concentrations of NaOH. After a short
manual shaking to induce mixing, the tubes were left for various times, i.e. 2 h, 4 h and
17 h at room temperature. The solubility of the silica nanoparticles was then studied by

visual inspection.

Dissolution with NaOH of silica nanoparticles embedded in chitosan gel was then studied.

The stock suspension with 10% of silica particles was diluted in water to 5%. The

suspension was placed in ultrasonic bath for 60 min to ensure the particles are uniformly
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dispersed. A 2.5% (w/v) solution of chitosan was prepared by dissolving 0.25 g of
chitosan powder in 10 mL (0.1 M) acetic acid for 3 h under continuous stirring. At this
point, 15.62 pL of aqueous glutaraldehyde (50% (v/v)) was added and stirred for 15 min.
Then 320 pL chitosan solution was mixed with 160 pL of the 5% silica NP (2:1 ratio) to
have a gel mixture with a final concentration of 1% silica NPs. This was mixed for 30
min under magnetic stirring and poured into cuvettes. The cuvettes were left standing for

24 h to form chitosan gel with embedded silica nanoparticles.

After the gel had formed, the dissolution of the silica nanoparticles with NaOH was
studied. A 10% (w/v) NaOH solution was prepared, 400 puL of this was added to the
cuvettes containing the chitosan gel. They were placed on a hot plate at 80°C and left
reacting for different times starting from 10 min to 100 min. Following this, the gel was
washed with 2 mL deionised water to remove the sodium hydroxide. At this point, 2 mL
of a 0.05% aqueous BSA-FITC solution was added and left to incubate for 2 h. The
fluorescence intensity of the gel inside the cuvette was measured via fluorimeter (Aex =
490 nm, Aem = 525 nm). Following this, the gel in the cuvettes was washed three times

with 2 mL of PBS buffer and the gel was again measured on the fluorimeter.

In a following series of experiments, different ratios of chitosan solution to silica
nanoparticles were investigated. The same procedure as above was followed, with the
exception that the ratio of silica nanoparticle suspension to chitosan solution was varied,
2:1, 1:1, 1:2 and 1:3 ratios were prepared in the cuvettes and left for 24 h at room
temperature to form a chitosan gel with embedded silica nanoparticles. For dissolution of
the silica particles, 400 pL of the 10 % NaOH solution was added and kept for 17 h at
room temperature. The cuvettes with the gel were then washed with deionised water as
described above and measured on the fluorimeter (Aex = 490 nm, Aem = 525 nm).
Following this, the gels were incubated with 0.05% BSA-FITC for 2 h and measured on
the fluorimeter. Then BSA-FITC solution was decanted and the gel fluorescence was
again measured on the fluorimeter. Finally, the gel was washed to remove excess BSA-
FITC solution with 2 mL of PBS.

Because the commercial nanoparticles are somewhat expensive, the in-house synthesis of

silica nanoparticles via the Stober Method was investigated next.
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2.7.2 Synthesis of Silica Nanoparticles via Stéber Method

The Stéber Method is the standard method to prepare monodisperse uniform-sized silica
nanoparticles by hydrolysis of tetraethyl orthosilicate (TEOS) in ethanol medium in the
presence of ammonium hydroxide 2. The reaction scheme is shown in fig.2.27, the

process is divided into a hydrolysis (eg.2.3) and polymerisation reaction (eq.2.4).

Ethanol + water

1st Step: After 10 min, TEOS was added
Hydrolysis: Si—(OR) 4+ H.0 &= Si- (OH) 4+ 4R—-0H

Ultrasonication
1-Hydrolysis | | 2nd Step: After 20 min, 28% NH,OH was added dropwise

2- Polymerization | Condensation: 25i- (OH); — 2(Si-0-5i) + 4H,0O

‘White turbid suspension

Figure 2.27: Preparation of silica nanoparticles by sequential addition method.

Si (OC,Hs), +4H,0 =  Si(OH), + 4 C,H:OH............. Equation 2.3

2 Si (OH), + X H,0 = (OH)3 Si-O-Si (OH); + H,0...evvueee. Equation 2.4

The Stober Method is based on hydrolysis of alkyl silicates, following condensation of
silicic acid in alcoholic solution using ammonia as catalyst. The hydrolysis and
condensation reactions provide precursor species and the necessary super-saturation for
the formation of particles. The reaction mechanism is summarized in eq.2.3 to 2.4'%,
During the hydrolysis reaction (eq.2.5), an intermediate [Si (OC,Hs),, (OH) ,] is
produced with hydroxyl groups substituting the ethoxy groups, which resulted from the
reaction of the ethoxy groups on the TEOS with water molecules. This reaction initiated
when hydroxyl anions attacks on TEOS molecules as well ammonia works as a basic

catalyst to this reaction.

Si (OC,Hg), + x H,O =» Si (OC,Hs),. (OH), + X C,HsOH.............. Equation 2.5
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After that, the condensation reaction occurs immediately, the hydroxyl group of the
intermediate reacts with either the ethoxy group of the TEOS eq.2.6. or the hydroxyl
group of another hydrolysis intermediate eq.2.7.to form Si—O-Si bridges. As the rate of
water condensation is thousands of times faster than the alcohol condensation, silica

particles form and precipitate.

=Si-0OC,H; + HO-Si= =» =Si-0-Si= + C;Hs0OH............. Equation 2.6
2 =Si-OH + HO-Si= = =Si-0-Si= + H.0............. Equation 2.7

The overall reaction is expressed as shown in eq.2.8.

Si (OC,Hs)s+2H,0 2 SiO,+ 4C,HsOH............. Equation 2.8

Absolute ethanol (2.339 mL) was mixed with 2.52 mL of deionized water and sonicated
at room temperature for 10 min to remove any air bubbles. Next, 600 puL of TEOS (0.0042
M) was added and sonicated for 20 min. A known volume of 14 M ammonium hydroxide
solution (0.5 mL, 0.6 mL, 2.7 mL, 3.0 mL and 5.2 mL) was added to yield final
concentrations in the reaction vessel of 0.86 M. 1.01 M, 1.15 M, 1.30 M and 1.44 M. The
ammonium hydroxide acts as a catalyst to promote the condensation reaction (see figure
2.27). Sonication was continued for a further 60 min to yield a turbid white suspension.
This was centrifuged (Sorvall LEGEND X1, Thermo scientific) and the particle size was
measured via zeta sizer (ZEN1002 Zetasizer Nano series Malvern). Following this
procedure, the size of silica particles produced was larger than 100 nm, therefore, another

protocol was also investigated to obtain smaller silica nanoparticles.

An alternative method that has been reported to produce smaller sized silica
nanoparticles'?®, via a variation of the Stober Method was investigated next. Volumes of
absolute ethanol (between 100 pL and 1 mL) were mixed with 380 uL ammonium
hydroxide (0.2 M) and 180 pL deionized water and let stirring for 5 min. Then 8.860 mL
of TEOS (0.4 M in absolute ethanol) was added to the above solution using a syringe
pump over a period of about 10 min to allow self-aggregation and precipitation of the of
silica nanoparticles. The mixture was left to react at room temperature under continuous
stirring for 24 h. Afterwards, the obtained colloidal suspension was centrifuged at 5,000
rpm on a high-speed centrifuge (Sorvall LEGEND X1,Thermo scientific), and the silica
particles were washed with absolute ethanol three times. This was followed by drying in
oven at 100 °C for 2 h to prevent continued reaction. The size of the obtained particles

was measured using the zeta sizer.
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2.7.3 Porosity measurement via fluorimeter

The effectiveness to use the 50 nm silica particles, prepared via the Stober Method, as
porogens for chitosan was investigated. A 2.5% (w/v%) solution of chitosan was prepared
in 10 mL aqueous acetic acid (0.1 M) by stirring for 3h. As before, 15.62 pL of aqueous
glutaraldehyde solution (50% (v/v)) was added to the chitosan solution and left to stir for
15 min. A 10% suspensions of the 50 nm silica nanoparticles was prepared in absolute
ethanol and placed in an ultrasonic bath for 1 h to obtain a uniform dispersion. Then,
different ratios of chitosan solution to silica nanoparticles were prepared, namely 2:1, 1:1,
1:2 and 1:3. These were stirred for 1 h to ensure complete mixing. The mixtures were
then poured into cuvettes and left to gel for 24 h at room temperature. To dissolve the
silica nanoparticles, 400 uL of sodium hydroxide solution (10 %) was added to the
cuvettes with the gels and left to incubate for 17 h at room temperature. The gels were
then washed with 2 mL of deionised water to remove sodium hydroxide. Finally, 2 mL
of aqueous BSA-FITC (0.05 vol %) was added and left to incubate for 2 h. The excess
was then removed by decanting and the gels in the cuvettes were washed with 2 mL of
PBS. The fluorescence intensity from these cuvettes was measured at Aex = 490 nm and
Ahem = 525 nm for the gel before BSA-FITC addition, the gel with BSA-FITC, the gel
following decanting of excess of BSA-FITC and the gel following washing with PBS
buffer.

2.7.4 Performance of porogen treated waveguide on DDLW system

The performance of spin-coated leaky waveguide layers with enhanced porosity through
silica nanoparticle incorporation as porogens was investigated with both, commercially
available 100 nm silica NPs and the synthesised 48 nm £ 25 nm silica NPs.

A 2.0% (w/v%) solution of chitosan was prepared in 10 mL acetic acid (0.1 M) and left
to stir for 90 min to ensure dissolution. Then 12.5 pL of aqueous glutaraldehyde (50%)

was added and the mixture was stirred for 15 min.

For both silica nanoparticle types, the 10% particle suspensions were diluted in deionized
water to yield a 1% concentration and ultra-sonicated for 1 h. The chitosan mixture and
silica particle suspensions were combined in a 2:1 ratio and left to stir for 60 min. The
mixture was then spin coated onto the glass substrates at 3,000 rpm for 30 s. Following
spin coating, the slides were left to ‘gel” for 1 h. Then, 40 uL of aqueous sodium

hydroxide (10%) were added to the top of the substrate by pipetting and left to incubate
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17 h at room temperature and washed by immersion in deionised water to remove any
remaining aqueous NaOH™" .The chitosan gel layer was stained by immersion in 10 uM
RB4 for 10 min. The glass substrate was fixed onto flow cell 2 and interfaced to the
peristaltic pump. The flow cell was placed on the prism setup with the red LED as light
source and CMOS camera for detection as described in section 2.2.5 with an angle of 65°.
PBS buffer was pumped at a flow rate of 0.25 mL min™*. This was followed by a 10% of
glycerol solution in PBS and then followed by solutions of the different molecular weight
polymers from 10 kDa to 200 kDa (see section 2.6.1).

2.7.5 Drying a Waveguide Film

The purpose of drying a film is to remove the solvent slowly enough from the waveguide
film produced from spin coating particularly in the initial stage of drying, firstly to make
sure the film without microbubbles, which is effect on the uniform of the film, Secondly,
in this stage the film is still wet and has been controlled by different dry times, that can
provide a waveguide mode with an enhancement of the porosity, and also to reduce
violent changes in surface tension that may causes cracks in the film, this experiment was
suggested by Dr. Ruchi Gupta (University of Hull/Chemistry department). Different
concentrations of chitosan (0.5, 1, and 1.5 w/v %) were prepared in 10 mL of (0.1 M)
acetic acid, and transferred into stirring device for 1 h to dissolve totally. The solutions
were coated on cleaned glasses by spin coating at different spin speed (500-1500 rpm).
The substrate chips were left on the bench for drying under different times (1, 2, 3, 4, 5,
and 10 min), then they were incubated with RB4 dye (100 uM, prepared 100 mM of
HEPES buffer pH7.4) for 5 min. Chitosan layer was irradiated with TE- polarized laser
at different angles between (55°-75°), the optical output was captured by a photodiode

detector showing a reflective curve.
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2.8 Characterisation of a Film Porosity

There are several procedures has been done to investigate the porous of a waveguide film
in order to obtain an appropriate microporous structure for immobilisation biorecognition

species (goat anti-rabbit 1gG as a model of the antibody).

2.8.1 Different Molecular Weights of Polymers

The optimum conditions were selected and injected into a flow cell through a peristaltic
pump, and irradiated by red LED and the output was monitor by CMOS camera in order
to investigate the porous of a waveguide film. 1% of glycerol (v/v), and polymers
different molecular weights were prepared in HEPES buffer (100 mM pH 7.4), and were
made up with the same refractive index, and injected through a pump to the polystyrene

flow cell at a flow rate 0.25 mL min™.

2.8.2 Different concentrations of bovine serum albumin BSA protein

The experimental procedure of using bovine serum albumin (BSA) and glycerol solution
was described previously in section 2.6.1 to investigate the pore size of the waveguide
layer for immobilisation step they have a molecular weight (66 kDa, and 92.09 g.mol™)
respectively.

By using 1% of chitosan was dissolved in 10 mL of 0.1 M acetic acid and left on stirring
device till totally dissolved, then coated cleaned glass slides (that prepared as mentioned
previously) by using a spin coater for the 30 Sec at 900 rpm left 3 min dry time then
incubated with HEPES buffer (100 mM and pH 7.4). These slides were incubated with
RB4 dye (100 uM) for 5 min.

Subsequently, this experiment was done by putting the coated slide on the polystyrene
flow cell was placed on a prism for coupling the light inside a waveguide layer by using
a waveguide setup that mentioned before, the incident light was fixed at an angle of 65°
to cover the dip at the image sensor. The output is captured by a camera that is connected
to a program called GetFram V8 in PC where the movement of the dip can be tracked. A
peristaltic pump was used to pump distilled water firstly at flow rate 0.25 mL min*
through silicone tube, then pumped series concentrations of glycerol, and BSA solution
starting from lower to higher concentration having slightly higher refractive index than
water. The source light is was red LED and the output was monitored by CMOS camera

providing a real time measurement for tracking the position shift of a dip.
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2.8.3 Effect of pH Buffer

Effect pH buffer on the porous of a waveguide film was investigated by preparing
different solutions of HEPES buffer (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid).

That have different pH (8.4, 7.4, 6.4, 5.4, and 4.4). All buffer solutions were prepared
using 18.2 deionised water. The flow cell was mounted onto a glass substrate that is
coated with 1% (w/v) of chitosan solution in 10 mL of (0.1 M) acetic acid and left for 3
min dry time, then incubated with HEPES buffer (pH 7.4) overnight. RB4 dye (100 mM)
was used to incubate the waveguide film for 5 min and a cross linker (NHS-PEG-NHS)
(Mwt.3000 Dalton) (0.1 mM) also for 5 min, these solutions of different pH buffer
(HEPES) were injected to the channel in flow cell by peristaltic pump at flow rate of 0.25
mL mint using silicone tube. The flow cell was washed with HEPES buffer (pH 7.4)
before and after each measurement with buffer. The output is captured by CMOS camera
that is connected to a program called GetFram V8 in PC where the movement of the dip
can be monitored. This experiment was repeated without a cross linker to compare

between the results for all measurements.

2.9 Effect of Crosslinker

To study the effect of cross linker on the porous of chitosan film, different molecular
weights (500, 2000, 3000 and 10000 Dalton) of (NHS-PEG-NHS) (0.1 mM) has been
used in this experiment. 1 % (w/v %) of chitosan was prepared in 10 mL of 0.1M acetic
acid where are then transferred into a stirring device for one hour till totally dissolved.
The cleaned glasses that were prepared for coating with chitosan solution by using a spin
coater for 30 Sec at 900 rpm and left it to dry for 3 min then put in HEPES buffer (pH
7.4) and left overnight. After that the glass slides placed in solution of (NHS-PEG-NHS)
(0.1 mM) different molecular weight (500, 2000, 3000 and 10000 Dalton) dissolved in 2
mL of HEPES buffer for 5 min, then washed with buffer also and incubated these slides
with RB4 dye (100 mM) for 5 min. then left it to dry for half an hour. A resonant cavity
light emitting diode (RCLED, PR65-F1POT, Roithner, Lasertechnik, Vienna, Austria)
and a camera (PL-B781, pixelink, Ontario, Canada) with an integration time 25 ms have
been used for tracking position of the dip. The flow cell was placed on a prism for
coupling the light inside a waveguide layer. Red LED with a high resolution CMOS

camera are placed on rails and connected to goniometers. The incident light was fixed at
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angle of 65° in order to cover the dip at image sensor. The output is captured by CMOS
camera that is connected to a program called GetFram V8 in PC where the movement of
the dip can be monitored. HEPES buffer (100 mM) was first pumped to the channel in
flow cell by peristaltic pump at flow rate of 0.25 mL min using silicone tube. Then 0.5%
of glycerol solution was prepared in 10 mL of HEPES buffer and injected after HEPES
buffer, then different molecular weights of polymers were injected from (40-400 kDa) to

compare the results for all of these solutions.

2.10 Surface Characterization of a Waveguide Film

Different concentrations of chitosan (0.5, 1, and 1.5%) have been investigated by using
various instruments in order to check the porous of a waveguide film. White light
interferometer (WLI) has been used to investigate the thickness of the waveguide layer
(chitosan), different concentrations of chitosan were prepared in 10 mL of 0.1 M of acetic
acid where are then transferred into a stirring device till totally dissolved. The cleaned
glasses that were prepared half covered with a tape then it coated with chitosan solution
by using a spin coater for 30 Sec at 900 rpm and incubated with HEPES buffer (100 mM,
pH 7.4) . The tape was then removed from the contact surface after sign on the back of
these slides. These glasses were measured their thicknesses by a white light interferometer
(WLI) was used for measuring the thickness of chitosan layer, above procedure has been
followed for preparation of chitosan solution and coated the substrate but without using
a tap to cover a half of the substrate to measure by Dektak instrument to profile surface
of the waveguide layer, the work has been done in the physics department at Hull
University. Moreover, the porosity of a waveguide film was measured by Confocal
Microscope for different concentration of chitosan with different dry time (1, 2, 3, 4, and
5 min) cover slip has been coated with chitosan solutions instead of glass microscope
substrate. Furthermore, ImageJ was used to characterise a surface of a waveguide thin

film (1, 1.5, and 2 %), which were spin coated onto glass slides at different spin speed.

2.11 Immobilisation of Biorecognition Species

A biosensor device is an analytical device consist of biorecognition sensing elements
(antibody, enzyme, and DNA) in close contact with a physical transducer (mass, optical,

or electrochemical) which both relate to convert the concentration of the analyte to optical
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output signal. In this research the biorecognition element -Goat anti-rabbit IgG- has been

immobilised in a waveguide thin film as a model of the antibody.

The experimental of antibody immobilisation was performed by preparing a waveguide
film of chitosan with an optimum condition as described in section 3.6.2. The antibody
solutions of polyclonal anti-rabbit IgG (0.5 mg mL™), which prepared in 2 mL of HEPES
buffer (100 mM pH 7.4) to get (2.5*10°° M), the first solution was prepared without EDC-
Sulfo-NHS and the second solution was prepared with EDC (4 mg in 100 mM of HEPES
buffer pH 7.4) and-Sulfo-NHS (11 mg in 100 mM of HEPES buffer pH 7.4) and left 15
min to react before pumped, and 0.5% of BSA has been used as a blocking molecules
after immobilise the antibody . All prepared solutions were injected via a peristaltic pump
to the flow cell and the optical output was detected by CMOS camera. This experiment
has been done to compare between the results of the antibody immobilisations with and
without using EDC-Sulfo-NHS.

2.11.1 Antibody Immobilisation Using EDC- Sulfo-NHS

There are a wide range of strategies for antibody immaobilisation such as covalent binding,
site-specific binding, biotin-streptavidin interactions, intermediate proteins, and affinity
tags. The most prominent strategies that are based on the covalent binding of antibodies
as they are rapid, highly stable antibody binding, leach-proof with high immobilisation
density. The heterobifunctional is used most widely of the covalent binding strategy for
crosslinking of the carboxyl groups on the antibody to the free amine groups into the

waveguide thin film using EDC along with Sulfo-NHS.

2.11.2 Using Ratio (4:1) of EDC- Sulfo-NHS

Using various ratios EDC-Sulfo-NHS of EDC-based crosslinking strategies this led to the
activation of carboxyl groups on anti-rabbit IgG antibody and react with the amino groups
into the waveguide film which involved. Sequentially the cleaning of chitosan chip with
previous procedure of cleaning glass slides. Immobilisation of anti-rabbit IgG antibody
using several of EDC- Sulfo-NHS based crosslinking strategy, blocking with 0.5% BSA,
and detection rabbit 1gG (107 M).

Initially, the cleaned chip was coated with 1% of chitosan that was prepared in 10 mL of
0.1 M of acetic acid and incubated with HEPES buffer (100 mM and pH 7.4) overnight.
The EDC-Sulfo-NHS-activated anti-rabbit IgG antibody was prepared with ratio (4:1)
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(0.008 g of EDC and 0.022 g of Sulfo-NHS in 2 mL of HEPES buffer pH 7.4) by the
procedure mentioned in Section 3.7. The flow rate used for all the process steps was 0.118
mL min‘t. The antibody immobilization was done by injecting 2 mL of EDC-Sulfo-NHS
activated anti-rabbit 1gG (2.5%10° M) antibody over all the two channels of flow cell of
a waveguide sensor. The anti-rabbit 1gG antibody bound chitosan film was then blocked
by injecting of 0.5% (w/v) BSA was prepared in HEPES buffer. Subsequently, the
dilution buffer of HEPES, pH 7.4 was passed through two channels of flow cell and the
optical output was detected by CMOS camera. Finally, 2 mL of rabbit IgG (107 M) was

passed through the flow cell.

2.11.2.1 Using Ratio (1:1) of EDC- Sulfo-NHS

This experiment has been done with the optimum conditions were mentioned in 3.7.1.1
but the difference with the ratio of EDC-Sulfo-NHS (1:1).

2.11.2.2 Using Ratio (1:4) of EDC- Sulfo-NHS

As described in section 3.7.1.2, the process of antibody immobilisation has been done by
the optimum conditions which are used in the detection of rabbit IgG with the ratio (1:1)
of EDC-Sulfo-NHS.

2.12 Optimisation of Antibody Immobilisation

2.12.1 Effect of a Cross Linker

A cross linker (NHS-PEG-NHS) (Mwt.3000 Dalton) (0.1 mM) was prepared in 2 mL of
HEPES buffer (100 mM pH 7.4), and used to incubate a cleaned glass slides for 5 min,
which were coated with 1% (w/v%) of chitosan that which prepared in 10 mL of 0.1 M
acetic acid and left 3 min to dry then incubated with HEPES buffer (100 mM and pH 7.4)

overnight.

RB4 dye (100 mM) was used to incubate cleaned glasses for 5 min and left for drying at
room temperature. The EDC-Sulfo-NHS-activated anti-rabbit 1gG antibody was prepared
with ratio (4:1) (0.008 g of EDC and 0.022 g of Sulfo-NHS in 2 mL of HEPES buffer pH
7.4) by the procedure mentioned in Section 3.7. The flow rate used for all the process
steps was 0.118 mL min. The antibody immobilization was done by injecting 2 mL of
EDC- Sulfo-NHS-activated anti-rabbit 1gG (2.5*10° M) antibody over all the two

channels of flow cell of a waveguide sensor. The anti-rabbit IgG antibody bound chitosan
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film was then blocked by injecting of 0.5% (w/v) BSA was prepared in HEPES buffer.
Subsequently, the dilution buffer of HEPES, pH 7.4 was passed through two channels of
flow cell and the optical output was detected by CMOS camera that is connected to a
program called GetFram V8 in PC where the movement of the dip can be monitored.
Finally, 2 mL of rabbit 1gG (107 M) was passed through the flow cell. To study the effect
of using cross linker in the antibody immobilisation into the waveguide layer of chitosan,
this experiment has been done with cross linker and without cross linker.

2.12.2 Effect of pH

Effect of pH buffer on the antibody immobilisation into a waveguide film was
investigated by preparing all the materials with HEPES buffer that have pH (6.4). The
flow cell was mounted onto a glass substrate that is coated with 1% (w/v) of chitosan
solution in 10 mL of (0.1 M) acetic acid, spin coated at 900 rpm and left to dry for 3 min,
then incubated with HEPES buffer (pH 7.4) overnight. RB4 dye (100 mM) was used to
incubate the waveguide film for 5 min, The EDC- Sulfo-NHS-activated anti-rabbit 1gG
antibody was prepared with ratio (4:1) as mentioned in Section 3.7 but with (pH 6.4) of
HEPES buffer then blocked by injecting of 0.5% (w/v) BSA was also prepared in HEPES
buffer (pH 6.4). The prepared solutions were injected to the channel in flow cell by
peristaltic pump at flow rate of 0.25 mL min using silicone tube. The flow cell was
washed with HEPES buffer (pH 6.4) before and after each measurement with buffer. The
output is captured by CMOS camera that is connected to a program called GetFram V8

in PC where the movement of the dip can be monitored.

2.12.3 Optimise concentration of detection 1gG

In order to optimise a concentration of detection IgG, a stock solution of antigen (107" M)
was prepared in HEPES buffer (100 mM pH 7.4), and series concentrations (107'-10"11 M)
were obtained by dilution with HEPES buffer, which were injected through a peristaltic
pump into the flow cell at flow rate 0.25 mL min™, that was passed on the cleaned glass
slide that was coated with 1% (w/v) of chitosan dissolved in 10 mL of 0.1 M acetic acid
at spin speed 900 rpm, left for 3 min dry time and incubated with HEPES buffer (100 mM
pH 7.4) overnight then following day incubated with RB4 dye (100 mM) for 5 min. The
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EDC- Sulfo-NHS -activated anti-rabbit 1gG antibody was prepared with ratio (4:1) as
mentioned in Section 3.7 that was injected then blocked by injecting of 0.5% (w/v) BSA
was prepared in HEPES buffer before series concentrations of detection IgG, the
measured signal was captured by CMOS camera that is connected to a program called

GetFram V8 in PC where the movement of the dip can be monitored.

2.13 Enhancement of the Interaction Sensitivity

There are various experiments has been done to obtain a high interaction sensitivity

between anti-rabbit IgG antibody and detection 1gG.

2.13.1 Increase an Interaction Time between the Antibody and Antigen

The optimum conditions were obtained from previous experiments will be applied to
enhance the interaction sensitivity between the anti-rabbit IgG antibody and detection
IgG. Firstly, the cleaned chip was coated with 1% of chitosan that was prepared in 10ml
of 0.1 M of acetic acid at spin speed 900 rpm and left 3 min to dry, after that incubated
with HEPES buffer (100 mM and pH 7.4) overnight. Coated glass slide was incubated
with RB4 dye (100 mM) for 5 min and left to dry at RT (room temperature).

The EDC-Sulfo-NHS-activated anti-rabbit 1gG antibody was prepared with ratio (4:1)
(0.008 g of EDC and 0.022 g of Sulfo-NHS in 2 mL of HEPES buffer (100 mM, pH 7.4)
by the procedure mentioned in Section 3.7. The antibody immobilization was done by
injecting 2 mL of EDC-Sulfo-NHS-activated anti-rabbit 1gG (2.5*10° M) antibody over
one channel of flow cell and the second channel was only used to inject HEPES buffer
(100 mM pH 7.4) at a flow-rate (0.25 mL min™) of a waveguide sensor. The anti-rabbit
IgG antibody bound chitosan film was left overnight then blocked by injecting of 0.5%
(w/v) BSA was prepared in HEPES buffer. Subsequently, the dilution buffer of HEPES,
pH 7.4 was passed through two channels of flow cell and the optical output was detected
by a camera. Finally, 2 mL of rabbit IgG (10~ M) was passed through the flow cell. The
movement of the dip can be monitored by CMOS camera that is connected to a program
called GetFram V8 in PC. This procedure has been repeated two times with the same
conditions one time, detection IgG was injected overnight instead of anti-1gG antibody,
and secondly, anti-rabbit 1gG was injected for 10 min then pause (stop the pump) the
pump for one hour then repeated three times, then which was injected overnight in order

to enhance the interaction sensitivity.
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2.13.2 Increasing incubation time of blocking molecules

The EDC-Sulfo-NHS-activated anti-rabbit IgG antibody was prepared with ratio (4:1)
(0.008 g of EDC and 0.022 g of Sulfo-NHS in 2 mL of HEPES buffer (100 mM, pH 7.4)
by the procedure mentioned in Section 3.7, blocked with 0.5% of BSA for longer time 2
h. till get base line ,then detection IgG (107 M) was injected via the peristaltic pump to
the flow cell at a flow-rate 0.25 mL min, the immobilisation process has been done by
using coated glass slides with 1% (w/v) of chitosan was completely dissolved in 10 mL
of acetic acid (0.1 M),spin coated at 900 rpm for 30 Sec then left with HEPES buffer (pH
7.4) to incubate overnight, then incubated with RB4 dye (100 mM) for 5 min to dry at
RT. The optical output was captured by CMOS camera that is connected to a program

called GetFram V8 in PC where the movement of the dip can be monitored.

2.13.3 Reducing of the flow-rate

To increase the interaction sensitivity of a waveguide film for antibody immobilisation
by a similar procedure described in section 3.7 by immobilising EDC- Sulfo-NHS-
activated anti-rabbit IgG antibody (2.5*10° M) overnight, blocked with 0.5% of BSA,
and which was reacted with detected IgG (107 M) with reducing the flow-rate of the
peristaltic pump at 0.118 mL min™. The antibody immobilisation was performed by using
coated glass slide with 1% (w/v) of chitosan, which was totally dissolved in 10 mL of
(0.1 M) acetic acid and spin coated at 900 rpm for 30 Sec, then dried for 3 min at RT,
incubated with HEPES buffer (100 mM, pH 7.4) overnight.

RB4 dye (100 mM) was used to incubate coated glass slides for 5 min then left to dry at
RT. Afterward, the dilution buffer of HEPES, pH 7.4 was passed through two channels
of flow cell and the optical output was detected by CMOS camera. Finally, 2 mL of rabbit
IgG (107" M) was passed through the flow cell. The movement of the dip can be monitored

by a camera that is connected to a program called GetFram V8 in PC.

2.13.4 Flowing Effect

Initially, the cleaned glass slides were coated with 1% of chitosan that was prepared in
10 mL of 0.1 M of acetic acid, spin coated at 900 rpm for 30 Sec, and incubated with
HEPES buffer (100 mM and pH 7.4) overnight, and with RB4 (100 mM) dye for 5 min.

After that, EDC-Sulfo-NHS-activated anti-rabbit 1gG antibody (2.5%10° M) was

prepared with ratio (4:1)(0.008 g of EDC and 0.022 g of Sulfo-NHS in 2 mL of HEPES
97



buffer (pH 7.4) by the procedure mentioned in Section 3.7,the flow rate used for all the
process steps was 0.118 mL min™. The antibody immobilization was done by injecting 2
mL of EDC- Sulfo-NHS-activated anti-rabbit 1gG (2.5*10° M) antibody over all the two
channels of flow cell for 10 min then pause one hour, then injected for 10 min and pause
also for one hour repeated three times then Anti-IgG was left overnight. The anti-rabbit
IgG antibody bound chitosan film was then blocked for 2 hrs by 0.5% (w/v) BSA was
prepared in HEPES buffer. Subsequently, the dilution buffer of HEPES (pH 7.4) was
passed through two channels of flow cell and the optical output was detected by CMOS
camera. Finally, 2 mL of rabbit IgG (107 M) was passed through the flow cell, the optical
output was captured by a camera that is connected to a program called GetFram V8 in PC
where the movement of the dip can be monitored.

2.13.5 lonic strength of HEPES buffer

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) is a common buffering
chemical and is classified as a "Good’s buffer” which has been derived from a set of
buffers described by Dr. Norman Good and his colleagues in 1966. There are various

reasons for using HEPES buffer in the chemical reactions:

e Easy to prepare.

e pKa values between 6.0 and 8.0

e Limited effect on biochemical reactions.

e Very low visible and ultraviolet light absorbance.

e Chemically and enzymatically stable.

Therefore, it was used to keep the pH of the reaction at a certain value. This experiment
was performed in order to increase of the interaction sensitivity by adding salt of sodium
chloride (100 mM, 150 mM, 200 and 250 mM) to HEPES buffer (100 mM pH 7.4) 12!,
and this buffer has been used to prepare the whole solutions which were injected through
the peristaltic pump to immobilise EDC- Sulfo-NHS-activated anti-rabbit 1gG antibody
(2.5%10° M) and detection IgG (10" M). The immobilisation process has been done using
DDLW sensor.
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2.14 Investigation of the Antibody Immobilization

There are several detection methods commonly used for biomolecular process to
characterize and quantify a biorecognition elements such as fluorescence microscope,

confocal microscope, and a waveguide sensor... etc.

2.14.1 Fluorescence Microscopy

Fluorescence detection method is more preferred to detect biorecognition elements
because of its high safety, sensitivity and relative ease of use and for an increasingly large
selection (in biocompatibility, physiochemical/structural properties) of labelling agents
involving green fluorescence protein, fluorophores, metal cages, phytochrome proteins,
semiconductor quantum dots, and others. Experimentally,1% (w/v) of chitosan was
dissolved completely in 10 mL of 0.1 M acetic acid, coated by using cleaned glass slides
at spin speed 900 rpm, left for 3 min to dry at RT, then incubated with HEPES buffer
(100 mM pH 7.4) overnight. Coated glass slides with chitosan were incubated with EDC-
Sulfo-NHS-activated anti-rabbit 1gG-FITC antibody (2.5%10° M) overnight, following
day some of these slides were washed with fresh HEPES buffer for 5 min. and others still
without washing with HEPES buffer, and the rest were placed on the prism to perform
the immobilisation process by using DDLW and the optical output was captured by
CMOS camera that is connected to a program called GetFram V8 in PC where the
movement of the dip can be monitored at different flow-rate 0.25 mL min, and 0.118

mL mint. Finally, all these slides were detected by fluorescence microscope.

2.14.2 Confocal Microscope

Laser scanning confocal microscopy, differs from fluorescence microscopy, can be
collect the light from a single focal plane. It collects the pixel information into one image
after scans the sample point by point and line by line, and can put together a single images
or optical slices to build up a three-dimensional stack by moving the focal plane in axil
(z) dimension. The experimental method was similar to section 3.10.1 cover slips were
coated with 1% (w/v) of chitosan was prepared by dissolving totally in 10 mL of 0.1 M
acetic acid, spin coated at 900 rpm for 30 sec and left to dry for 3 min, then incubated
with HEPES buffer (100 mM pH 7.4) overnight. Activated EDC-Sulfo-NHS-goat anti-
rabbit IgG-FITC antibody (2.5*10° M) was used to incubate these cover slips overnight.

following day some of these slips were washed with fresh HEPES buffer for 5 min and
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others still without washing with HEPES buffer, and the rest were placed on the prism to
perform the immobilisation process by using DDLW and the optical output was captured
by CMOS camera that is connected to a program called GetFram V8 in PC where the
movement of the dip can be monitored. Finally, all these slips were detected by laser

scanning confocal microscopy.

2.14.3 Dye doped leaky waveguide sensor (DDLW)

This experiment has been performed in order to investigate of the antibody
immobilisation by using 1 % (wi/v) of chitosan was dissolved in 10 mL of acetic acid (0.1
M), cleaned glass slides were spin coated at 900 rpm for 30 Sec and dry it for 3 min,
incubated with HEPES buffer (100 mM pH 7.4) overnight. RB4 dye (100 mM) was used
to incubate coated glass slides for 5 min. The antibody immobilization was done by
injecting 2 mL of EDC- Sulfo-NHS-activated goat anti-rabbit 1gG (2.5*10° M) antibody
was injected via one channel to track the immobilisation of the antibody, and second
channel was used to inject (Antibody and antigen), goat anti-rabbit 1gG antibody was
blocked by 0.5% (w/v) BSA which was prepared in HEPES buffer. Subsequently, the
dilution buffer of HEPES (pH 7.4) was passed through two channels of flow cell and the
optical output was detected by CMOS camera. Finally, 2 mL of rabbit 1gG (10”7 M) was
passed through the second channel of the flow cell. The optical output was captured by
CMOS camera that is connected to a program called GetFram V8 in PC where the

movement of the dip can be monitored.

2.15 Immobilization of the Antibody using a linker
(Glutaraldehyde)

It is important before starting with experiments of crosslinking, should select essential
linker for optimal reaction with the proteins. Some features should be taken in the
consideration such as membrane permeability, solubility, and reversibility of cross-links,
in addition that it can be conducted under natural conditions of temperature and pH to
maintain the original structure of the protein. Some Homo-bifunctional reagents are work
very well with chitosan’s amines such as DMA (dimethyl adipimidate), DMS (Dimethyl

suberimidate), and glutaraldehyde.

This experiment procedure was done by using glutaraldehyde as a linker that it should be
conducted in buffers free from amines like HEPES buffer at pH 7.5 to 8.0 is suitable. For
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glutaraldehyde solution, different concentrations of glutaraldehyde (0.3, 0.6, and 1%)

were prepared in 2 mL of HEPES buffer pH 7.4 for 2 to 5 min at 37°C. It was injected via
cleaned glass slides were coated by 1% (w/v) of chitosan was dissolved in 10 mL of acetic
acid (0.1 M), spin coated at 900 rpm for 30 min and left to dry for 3 min, then incubated
with HEPES buffer pH 7.4 overnight. Next, RB4 dye (100 mM) was used to incubate
coated glass slides for 5 min. Firstly, the dilution buffer of HEPES (pH 7.4) was passed
through two channels of flow cell, then different concentrations of a cross linker was
injected through one channel. Subsequently, 2 mL of EDC-Sulfo-NHS-activated goat
anti-rabbit 1gG (2.5*10° M) antibody was injected via one channel to track the
immobilisation of the antibody, and second channel was only used to inject (HEPES
buffer ), goat anti-rabbit 1gG antibody was blocked by 0.5% (w/v) BSA which was
prepared in HEPES buffer. Finally, 2 mL of rabbit 1gG (10”7 M) was passed to interact
with goat anti-rabbit 1gG until get straight line then injected HEPES buffer. The optical
output was captured by CMOS camera that is connected to a program called GetFram V8

in PC where the movement of the dip can be monitored.

2.16 Immobilisation of the Antibody using Biotin-Streptavidin

One of the most popular protocol of the antibody immobilization via using biotin-
streptavidin system to enhance the stability of the interaction (antibody-antigen), and the
output signal. The binding of biotin - streptavidin is well established for both with high
affinity and high specificity, strongest, and noncovalent interaction, therefore making
them a popular nano-"adhesive”. Streptavidin, a bacterial homologous protein to avidin,
is more used than avidin, and is isolated from the actinobacterium Streptomyces avidinii.
An important detail of these two experiments was that the waveguide film (1% w/v of
chitosan was dissolved totally in 10 mL of acetic acid 0.1 M, spin coated at 900 rpm for
30 Sec and dry it for 3 min. then incubated with HEPES buffer pH 7.4 overnight. RB4
dye 100 mM was used to incubate of the waveguide film for 5 min) is functionalized with
0.3% of glutaraldehyde 25 pL of 50% (v/v%) in 2 mL of HEPES buffer, then injected 1
UM of streptavidin 20 pL in 2 mL of HEPES buffer, next the waveguide film was blocked
by 0.5% (w/v) BSA which was prepared in HEPES buffer, later biotinylated goat anti-
rabbit 1gG (2.5*10° M) was injected through a peristaltic pump. Finally, 2 mL of rabbit
IgG (10" M) was passed to interact with biotinylated goat anti-rabbit IgG until get straight
line then injected HEPES buffer. The optical output was captured by CMOS camera that

Is connected to a program called GetFram V8 in PC where the movement of the dip can
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be monitored in first experiment , whereas in the second experiment was performed
without glutaraldehyde. Different concentrations of Streptavidin were used to attach
biotinylated goat anti-rabbit IgG and increase the stability of the interaction between the

antibody and the antigen.

2.17 ELISA quantification of Tissue Factor (I11)

2.17.1 Culture of the Cell Lines

All experiments has been performed in sterilized environment in a class Il biological
safety cabinet provided with UV that was switched on before 30 min of work. Moreover,
the culture hood, water path and incubator was cleaned by using Virkon disinfectant. 70%
ethanol was used for cleaning all surfaces the hood, weared gloves, media bottles and
everything needed to be used within the laminar before commencing work. All media
were pre-warmed by placing in a water bath at 37°C for 30 min before start and a sterile
75 mL plastic flasks were used for all cells. Furthermore, all cell lines were maintained
at 37° in 5% CO2 within sterile incubator. In term of defrosting, all vials of cell lines were
kept in frozen in liquid nitrogen. Then, there were directly thawed in 37° water path for 2
minutes. The 1 mL of vial defrosted cells was added to 9 mL of pre-warmed media. After
finishing the experiments, the cells were stored. However, the viability was tested before
and if it is >90% the cells would be stored. Viability test will be explained later. In order
to store the cells, the cells were harvested and pelleted by the centrifuge for 5 min at 400
X g. After that, cells were cultured in freezing media [10% Dimethyl sulphoxide (DMSO)
+90% FBS], cell vials were kept in -80° freezer.

2.17.2 Maintenance and adaptation of cell lines to serum free media

2.17.2.1 Maintenance

Two types of pancreatic cell line were used in this research, (Aspc-1, and Miapaca-2)
were cultured in PRMI-1640 and DMEM media respectively. Aspc-1 cells were
supplemented with 1% L-glutamine, 1% sodium pyruvate, 1% streptomycin/penicillin,
10% foetal bovine serum and 25 uM of glucose concentration (FBS). Whereas, Miapaca-
2 cells were maintained within a DMEM media comprising 25 uM of glucose
concentration, 1% sodium pyruvate, 1% L-glutamine, 10% FBS and 1%

streptomyecin/penicillin.
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2.17.2.2 Passaging

The pancreatic cells were split up in 3-well plates and allowed to adhere. Before activation
and harvesting of all cell lines should incubated overnight and pre-adapted to respective
free medium of conditioned media ,and which were grown in 75 mL tissue culture flasks
were suitably labelled with the cell line, passage number then incubated at 37°C with 5%
CO. atmosphere. On the following overnight incubation, the cell lines will be observed
by utilizing a phase contrast microscope for a monolayer growth of about 70-80% and to
ensure of the absence of fungal and bacterial contaminates, Depending on observations
cells were either seeded or left for growing especially for slow growing cell lines, the
culture media was replaced every 48 h after incubation to confirm sufficient nutrients for
cell growth. Time-course measurements were performed by collecting conditioned media
at various recovery periods (0, 1, 2 and 72 h) incubated at 37° C with 5% CO> atmosphere
for experiments concerning TF expression by ELISA. After that, the pancreatic cells were
adherent cells, therefore, a cell scraper was used to detach the cells from the flask’s
surface. Next, the cells were pelleted by the centrifuge for 3 min at 400 x g. Fresh media
was added following the discarding of the supernatant and then transferred into a new)
polycarbonate centrifuge tubes freezing and storage at -80°C. The passaging was carried

out when the cells reached 80—-90% confluence on the flask’s surface.

2.17.2.3 Cell Counting

This assay was performed by mixing 10 puL of trypan blue and 10 pL of the cell suspension
to the pellet re-suspended in a 1ml centrifuge tube and mixed by lightly pipetting. The
number of viable cells were counted by filling of the chamber with 10 pL of cell
suspension / trypan blue solution were prepared using slight pressure for ensuring no air
bubbles were present, and for attaching a cover slip until Newton‘s refraction rings
appeared (rainbow-like rings under the cover-slip), The principle behind the use of the
trypan blue is that living cells will appear to be transparent because the dye cannot enter
their cellular membrane. However, the dye will enter dead cells due to their cell wall
being damaged and hence they will appear to be a blue colour. samples watched (seen as
bright cells) under a light microscope using 10X magnification, and counted in the central
square (gridded 5 x 5 squares) and the 4 squares left and right , above and below of the
central square as indicate in fig.2.28, followed by calculation of the average number of

cells per large square.
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Figure 2.28: Haemocytometer the blue areas indicate the counting areas of the chamber **°.

The average number = x 10° and equalled the number of cells per 1 mL within the cell
suspension / trypan blue solution. The dilution factor was calculated using the following

equation:

Concentration of original cell suspension

Dilution factor = x Volume.......... Equation 2.9

Concentration of required cell suspension

2.17.3 Tissue Factor (TF) ELISA method

2.17.3.1 Principle of (TF) ELISA

This test was done to measure the TF concentration in the PC, and control samples
(fig.2.29.shows R&D systems 96-well ELISA plates (Costar EIA Plate) was coated with
anti-TF antibodies. After that, a TF secondary antibody labelled with an enzyme
(peroxidase) was added to the wells. Finally, TMB substrate was added and, according to
the colour density, the amount of TF in the sample was calculated by using a standard

curve of known values.
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D Standard4 || Standard4 || Standard4 || Sampled Sample4 Sample4 Sample12 Sample12 Sample12

E Standard5 || Standard5 || Standards || Sample5 | Sample5 || Sample5 || Samplel3 Samplel3 Sample13

F Standardé || Standardé || Standardé || Sample6 || Sample6 || Sample6

G Standard?7 || Standard7 || Standard7 || Sample’Z Sample7 Sample7

i_-\ _ _ _

Figure 2.29: The plate map for the ELISA test, the samples were triplicated. The colour yellow
represents the standard samples, while green colour represents the blank samples, orange
represents the PC samples, Standard 1= 500 pg mL™, Standard 2= 250 pg mL™?, Standard 3=
125 pg mL™, Standard 4= 62.5 pg mL™, Standard 5= 31.25 pg mL*, Standard 6= 15.62 pg mL"
!, Standard 7= 7.81 pg mL™.

2.17.3.2 Method of TF ELISA

Before starting with the experiment, the samples were taken from the -80°C freezer and
they were kept at RT to thaw. Firstly, the plate was coated with 100 puL/well with capture
antibody (mouse anti-human Coagulation Factor I11) diluted 5:1000 in PBS buffer, sealed,
and incubated overnight at 4°C. The coated plates were aspirated, and washed three times
with 400 pL of wash buffer (20 mL was diluted with deionised water to prepare a total
volume of 500 mL) by using a plate washer, after the last wash removed any remaining
wash buffer by inverting the plate and blotting it against clean paper towels, then blocked
each well with 300 pL of reagent diluent (2 mL of reagent diluent + 36 mL of DW) and
incubated at room temperature for a minimum of one hour. The plates were washed three

times and 100 pL.

TF standard and samples were reconstituted with 0.5 mL of reagent diluent to form a
stock solution (85000 pg mL1) which was then sit for 15 min with gentle agitation prior
to making dilutions with reagent diluent to give a range of standards: 500, 250; 125; 62.5;
31.3; 15.6 and 7.8 pg mL* were added in triplicate, and incubated at RT for 2 hrs and
subsequently washed three times with wash buffer, 100 pL/well of biotinylated goat anti-

human coagulation Factor Il detection antibody was reconstituted to a working
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concentration (36000 pg mL™) with 1 mL of reagent diluent (diluted 5:1000) was added
to each well and plates incubated at RT for one hour, the plate is covered with adhesive
film. Plates were then washed three times.

Then 100 puL of TF conjugate (which is streptavidin conjugated to horseradish peroxidase)
was added and plates were incubated for 20 min at RT in the dark place, the wash was
repeated three times as described previously, 100 pL of substrate solution [colour reagent
A (H20.) and reagent B (Tetramethylbenzidine) were mixed together in equal volumes
was added and incubated for 20 min at room temperature in the dark and the plate was
covered with adhesive film, during this time a blue colour appeared, at which time the
reaction was stopped by adding 50 pL stop solution (2 M H2SOg) to each well, gently tap
the plate to ensure thorough mixing. The density of the obtained colour (when the blue
colour was changed to yellow) was measured using an ELISA plate reader at 450 nm
wavelength and the blank samples were used as negative samples for zeroing the reading.

2.18 Conclusion

In the previous chapter, we have seen it is possible to enhance the sensitivity of a leaky
waveguide sensor through immobilization very little concentrations of biorecognition

elements into the leaky waveguide film.

In this chapter, we have presented in detail the fabrication, characterisation, and
investigation the porosity of a leaky waveguide film by using different methodologies.
These optimisations are make doped dye leaky waveguide sensor very appropriate in the

detection of large particles like Antibody.

In the following chapters, we will show all of these optimisations and the application into
the leaky waveguide film by monitoring the position of the dip via the change in the

refractive index.
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In order to guide light thought the chitosan waveguide layer by total internal reflection
(TIR) and Fresnel reflection, the waveguide film should be uniform, smooth and fairly
thin (sub-pum).The conditions for the deposition of the polymer film on the glass substrate
were optimised and the waveguide film thickness was examined. Furthermore, the
porosity of the film was investigated by analysing the uptake of materials of different

refractive indices and molecular weights.

3.1 Initial Waveguide Optimisation

Parameters to optimise the waveguide film included the concentration of the polymer
solution, the concentration of the reactive blue 4 dye (RB4) to enable the absorbance of
light within the waveguide film, and the speed of the spin coater to achieve a uniform

film with a thickness of about 1 um or less.

3.1.1 Optimisation of Chitosan Concentration and Spin Speed

Chitosan was chosen as a waveguide material, as it is a porous material that can provide
a large surface area and as it features functional groups for electrostatic interaction of the
dye (RB4) as well as covalent bonding of biorecognition molecules (antibodies).
Depending on the porosity of the chitosan the sample molecules can diffuse into the layer
and interact with all the light in the waveguide. This is in contrast to non-porous materials
because in these materials binding only occurs at the surface.

Chitosan solutions (1%, 1.5%, and 2% w/v) were prepared as outlined in section 2.2.4
and spin coated onto the glass substrate at speeds ranging of 2,000, 3,000 and 4,000 rpm.
These films were dyed by adding a few drops of reactive blue dye (100 um) manually.
Reflectivity curves for angles between 55° and 75° were measured as described in section
2.2.5. It was expected that there is low reflectivity at low angles of incidence. Above a
critical angle the reflectivity should generally be high and fairly stable over the range of
angles, but at the resonance angle there should be a sharp dip in the reflectivity since light
is absorbed by the RB4 dye (see fig.3.1). Each of these experiments was repeated three

times for each concentration of chitosan and each spin speed.
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Figure 3.1: Reflectivity as a function of angle from chitosan films stained with (10 uM) reactive
blue dye of (a) 1.0%, (b) 1.5% and (c) 2.0% concentrations (n=3).

For the 1.0% chitosan solution (figure 3.1a), the intensity of the reflected light measured
in mV detected on the photodiode increased steadily starting from 0.24 mV at 55°. When
the incident angle reached the critical angle at around 63°, total internal reflection
occurred, and the intensity of the reflected light rose sharply to >2 mV and then remained
steady at that level. However, the anticipated dip in reflectivity due to absorbance by the
RB4 was not observed. This may be because chitosan is too thin to support an optical
mode or too low a chitosan concentration. Varying the concentration of chitosan and
thickness of the film may address these issues. For the 1.5% chitosan solution (figure
3.1b), also no apparent dip was observed. However, when a 2% chitosan solution was
spun at 3,000 rpm (fig.3.1c), a dip in reflectivity was observed at around 65°. Whilst the
dip was relatively shallow, it demonstrated the principle that a small amount of the light
confined is the waveguide is absorbed by the RB4. At 2,000 rpm three dips were observed
at different resonance angles. At this lower spin speed, the chitosan layer is likely to be
thicker which provided multiple optical modes that could be absorbed by the dye
molecules at the incident angle. At 4,000 rpm no dip was observed, possibly because the
layer was then too thin to provide sufficient dye material to achieve a dip. This means the
high chitosan concentration (2.0% chitosan) at medium spin speed (3,000 rpm) gave best
results, but further optimisation was required to obtain a sharp dip in reflectivity.
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3.1.2 Optimisation of RB4 Dye Concentration

The effect on the shape of the dip was studied with a range of RB4 dye concentrations.
Initially using the optimum conditions from the previously described experiments, 2.0%
chitosan solution was spin coated onto the glass substrate at a spin speed of 3,000 rpm.
These were then stained with RB4 at concentrations ranging from 1.5 uM to 10 pM, as
outlined in section 2.3.1. An unstained chitosan coated film was also examined for
comparison. The reflectivity plots are shown in fig.3.2b. For the unstained waveguide
(fig.3.2a), no dip in reflectivity was observed. For the dye-stained waveguides, a dip in
reflectivity was observed for all concentrations tested. Indeed, the higher the dye
concentration, the deeper the dip. In fig.3.3, the ‘depth’ of the dip is plotted against dye
concentration, showing a linear relationship. Based on these finding, the high
concentration of RB4 would be best to use for studying binding events in the waveguide
which are based on shifts in the dip angle.
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Figure 3.2 : Reflectivity curves for 2.0 w/v% of chitosan waveguide layer with spin speed, 3000
rpm in (a) water and (b) reactive blue 4 dye by using different concentrations ranging from 1.5
MM-10 pM.
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Figure 3.3: The linear relationship between absorbance and concentration using 2.0 w/v%
chitosan layer with spin speed 3,000 rpm for different concentrations of the reactive blue 4 dye
1.5-10 uM at wavelength 650 nm and r?=0.9951.
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3.1.3 Study effect of different pH

Following optimisation of chitosan concentration (2.0%), spin speed (3,000 rpm) and
RB4 concentration (10 pM), the effect of buffer pH on the waveguide performance was
investigated. Phosphate buffer solutions with different pH values ranging from 4.0 to 10
were prepared as outlined in section 2.3.2. These were injected into the flow cell
following staining with RB4 dye. The obtained reflectivity curves are shown in fig.3.4.
As can be seen, both the depth of the dip as well as the resonance angle are affected by
changes in buffer pH.

The lower the pH, the higher the resonance angle (fig.3.4) and also the deeper the dip
(fig.3.5). At low pH values, the free amino groups in the chitosan layer are protonated (-
NH3™) and thus positively charged. The electrostatic repulsion between these groups leads
to swelling of the chitosan gel film. This effect is not present in basic media where the
amino groups exist as neutral -NH> groups. The resonance angle is directly proportional
to the optical thickness of the waveguide, which is a product of the geometrical thickness
and refractive index. As a result, the resonance increases when the waveguide swells at
lower pH. As the thickness of the waveguide increases, its ability to "trap” light improves
i.e. the number of times light bounces backwards and forwards before it exists the
waveguide increases. As light interacts with the dye in the waveguide increases, the depth
of the dip increases at low pH. Therefore, this will change the thickness of chitosan layer
resulting in shifting in the resonance angle, whereas the depth of the dip also increased

because different pH solutions were prepared with RB4 dye.

For most biological binding assays, a pH of 7 — 8 is used. This means that can apply to

any real sample.
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Figure 3.4: The reflectivity spectrum of the waveguide layer for 2% chitosan and 10 M
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of phosphate buffer range between 4 and 10.
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3.2 Estimation of Available Amino Groups in Film

The chitosan film was characterised by determining (i) the number of moles of amino
groups (n) via absorption measurements and (ii) by measuring the thickness of the film
using white light interferometry (WLI). These feed into equations 2.1 and 2.2 as described
IS section 2.4 to estimate the number of available amino groups within the chitosan film.

3.2.1 Determination of bound dye concentration in film

The aim of this series of experiments was to measure the number of moles of amine
groups (n) in the chitosan waveguide layer that bonded to the dye molecules. This was
done with two different setups, (1) a conventional UV-visible spectrophotometer and (2)

the waveguide setup as described in the experimental chapter (2.4.1).

Absorbance measurements of RB4 solutions in water as obtained with the UV/vis
spectrophotometer are shown in fig.3.6a. A linear relationship with R? = 0.997 was
obtained with absorbance values close to 1 for the 100 uM concentration. Absorbance
measurements as obtained through the custom-built optical setup with laser light source
and photodiode detection are shown in fig.3.6b. Again, a linear relationship (R? = 0.996)
was obtained with a similar range of absorbance values from zero to about 1, indicating
that both setups are equally suitable for absorbance measurements of the dye in the

micromolar range.
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Figure 3.6: Absorbance measurements of RB4 solution at 650 nm for RB4 concentrations
ranging from 0.1 uM to 100 uM (n = 3) measured via (a) conventional UV/vis spectrometer
and (b) via custom-built optical setup with laser light source and photodiode detector.

The absorbance of the chitosan films as a function of staining time (10 min to 280 min)
is plotted in fig.3.7a and b, measured both on the conventional UV/vis spectrophotometer
and the custom-built optical system respectively. The absorbance values of the saturated
chitosan films were found to be between 0.1 a.u. and 0.5 a.u., quite high given the fact
that the optical path length in the chitosan film is only about 500 nm, i.e. 20 times lower
than the 1 cm path length of the cuvette. The readings for the absorbance on the custom-
built optical system are lower, but show the same trend, the more chitosan, the larger an

amount of RB4 can be bound into the waveguide film.

The plots confirm that the 1.0% chitosan waveguide layer was saturated with RB4 after
about 60 min, corresponding to a total bound concentration of RB4 dye at around 5 uM,
based on the readings from the calibration curve graph from fig.3.6. The same readings
when measured on the custom-built optical system showed an absorbance corresponding
to 10 uM. For the 1.5% chitosan gel layer, saturation with RB4 was reached at around
100 min or more are needed to get full saturation with the dye where the total
concentration was bound around 10 uM based on the UV/vis spectrometer readings and
30 uM for the optical waveguide system. For the 2% chitosan solution, saturation was

achieved after about 180 min at absorbance levels corresponding to a concentration of 20
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UM based on the UV/vis spectrometer readings and 50 uM from the optical waveguide

setup.
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Figure 3.7: Absorbance measurements on chitosan films stained with 100 uM RB4 dye as a
function of incubation time, from 10 min to 280 min measured in 10 min interval (n=3). (a)
Absorbance measured on conventional UV/vis spectrophotometer, (b) absorbance measured on
custom-built optical system.
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3.2.2 Measurement of waveguide layer thickness

Measurement of the thickness (l) of the waveguide layer is required to estimate the
volume (V) of chitosan film probed during the absorbance measurements (equation 2.1).
This experiment was performed using the White Light Interferometer (WLI) as described

in section 2.4.2.

Fig.3.8, shows images obtained from the WLI measurements taken from dry chitosan
films, the region where the tape had been applied and the higher spin-coated chitosan
layer are clearly distinguishable. The chitosan film thickens was measured in about 10
locations on the wafer. The dried film gave thicknesses of 87 nm for the 1.0% chitosan,
116 nm for the 1.5% chitosan and 137 nm for the 2.0% chitosan solution. Measurements
were then also taken of wet films, three glass substrates were measured for each chitosan
concentrations and height was determined in three locations. The results of these wet film
measurements are plotted in fig.3.9. As expected, the wet films are thicker due to swelling
and uptake of water and found to follow the same trend of increasing thickness from 505

nm for the 1.0% chitosan to 1291 nm for the 2.0% chitosan.

(a) (c)

Chitosan Chitosan Chitosan

Figure 3.8: WLI images of the dry substrate surfaces clearly showing the two regions, namely
the spin coated chitosan layer and the region where the tape had been applied. (a) Film from
the 1.0% chitosan solution, (b) from the 1.5% chitosan solution and (c) from the 2.0 % chitosan
solution.
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Figure 3.9: Thickness of a waveguide layer using different concentrations of chitosan (1.0%,
1.5% and 2.0%) spin coated on glass slides at 3000 rpm as measured by WLI (n=3).

3.2.3 Calculation of number of moles

The number of moles of available amino groups can be determined by equation 2.2 from
the concentration (c) of RB4 in the film and from the volume (V) of probed film, which
is the product of the thickness of the film (I) and the area (Ai) of incident light for the
absorbance measurements. The area (Ai) was estimated at about 1.2 x 10° m? by
measurement the laser spot size on a piece of paper held into the light path. In table 3.1,
the number of moles using RB4 concentrations obtained through the UV/is
spectrophotometer are listed. They range from 18 to 183 femtomoles. As the RB4
concentration values obtained from the custom-built optical setup were higher, the
number of moles of amino groups is also lower, as shown in table 3.2, values range from
36 to 456 fmol. These data can only be taken as a fairly rough estimate. From this data it
is nonetheless possible to extrapolate to the total number of amino groups available in the
flow channel (5 mm wide and 8 mm long) to guide choice of concentrations for the
bioassays described in chapter 2. By comparison data for each setup a slightly higher
concentration of Reactive blue 4 dye is shown at custom-built setup with the same
chitosan chip with different concentrations 1, 1.5, and 2% of chitosan film respectively.

That’s due to when increasing the concentration of chitosan will increase the number of
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moles of amines groups into the volume of the waveguide layer and lead to bounding

more amount of the reactive blue 4 dye into the waveguide film.

Table 3-1: Summary of thickness and RB4 concentration from chitosan waveguide layers

TEEEE

| 10% | 505+18 | 3576x10%2 |
1.5% 943+ 21 6.67 x 102 10 uM 67
2.0% 1291 +£19 9.13x 10* 20 pM 183

Table 3-2: Summary of thickness and RB4 concentration from chitosan waveguide layers

1.0% 505+ 18 | 3.576 x 1072 10 uM 36
1.5% 943421 | 6.67x10"? 30 uM 200
2.0% 1291 +19 | 9.13x 10?2 50 uM 456

3.3 Refractive index sensitivity of the chitosan waveguide

In order to estimate the sensitivity of the chitosan waveguide layer to changes in refractive
index, different concentrations of glycerol in water were prepared ranging from 0.1%
(v/v) to 10% as described in the experimental chapter, section 2.5. Glycerol was chosen
because it is relatively cheap and should not adsorb physically to the chitosan layer. The
refractive index for these solutions as measured on the refractometer is shown in fig.3.10.
As can be seen from the figure, at concentrations of 0.1%, 0.5% and 1.0%, the refractive
index change is not detectable on the refractometer. At higher concentrations, there is an
increase in refractive index with increasing glycerol concentration. At 650 nm, pure

glycerol has a reported refractive index of RI = 1.47 3! water has a refractive index of
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RI=1.332, therefore the observed RI range from 1.333 to 1.348 lies within the expected

range.
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Figure 3.10: Plot of refractive index using different concentrations of 10 % (v: v %) glycerol
solution (0.1%, 0.5%, 1%, 2.5%, 5%, 7.5% and 10%) prepared in de-ionised water.

For chitosan film preparation, a 2% of chitosan solution was spin coated onto the glass
substrates as before. As it is the RB4 dye that absorbs light and creates the dip in
reflectivity, the refractive index study was carried out by staining the chitosan film with
10 uM solution for a range of incubation times, namely, 10 min, 30 min, 60 min and 130
min. The aim was to investigate how the sensitivity to changes in refractive index may

increase with increasing amounts of dye molecules immobilised in the chitosan film.

The chitosan films were interfaced to a flow cell and mounted onto the waveguide setup
featuring a red LED as light source and CMOS camera for detection, as described in
section 2.2.5. The angle of incident light and the angle of the detector with respect to the
normal of the base was set near the resonance angle at 65°. The dip in reflectivity is
presented as a dark line on the image. This dark line shifts when the refractive index of
the waveguide layer changes, which is monitored through a custom-written software as
described in section 2.4. In fig.3.11, examples of CMOS images of the dip are shown for
film stained with RB4 for the different incubation times. These images were taken before

any glycerol solutions were pumped through the device. It can be seen that as the amount
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of dye molecules immobilised in the waveguide layer increase, more light is absorbed in
the chitosan layer that’s due to the amount of the dye molecules. It’s clear that the dip

becomes broader by increasing the amount of the dye into the chitosan film.

Width of the channel

Angle / degrees Angle / degrees

Angle / degrees Angle / degrees

Figure 3.11: Pictures captured by the CMOS camera of glass slides incubated with RB4 dye (1
mM) for (a) 10 min, (b) 30 min, (c) 60 min and (d) 130 min.

Following staining and washing with water, glycerol solutions with increasing
concentration were pumped consecutively through the flow cell as described in section
2.5. The shift in dip as a function of time is plotted in fig.3.12. As can be seen, the higher
concentrations of glycerol featuring higher refractive indices caused an increasing shift
in dip, as expected. Fig.3.13, shows the same plot for a waveguide layer incubated with
the dye for 30 min and similarly, the plots for a dye incubation time of 60 min and 130
min are shown in figs.3.14 and 3.15, respectively. However, the data for the 130 min
incubation time has been discarded, the high number of dye molecules in the waveguide
meant that the light was not confined and the dip in reflectivity could not be visualised
(see fig.3.11d).
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As can already be appreciated from these plots, the shift of the resonance angle as the
different glycerol solutions are pumped over the waveguide layer is lower for the
waveguides with longer dye incubation times. This is further demonstrated by plotting
refractive index of the glycerol solutions against the obtained shift in dip for the 10 min,
30 min and 60 min incubation times (fig.3.16). For all three incubation times, it was
observed that the larger the refractive index, the larger the shift in dip. The 10 min
incubation time showed the steepest slope, 99.8, compared to 81.4 obtained for 30 min
incubation time and 75.4 for 60 min. This is because more amount of the dye into the

waveguide film will result in more losing of light due to the high absorbance.
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Figure 3.12: Change in the reflectivity dip angle as a function of time for a waveguide layer
made from 2% chitosan incubated in RB4 dye (1 mM) for 10 min. Glycerol solutions of 0.5%,
1%, 2.5%, 5%, 7.5% and 10% were pumped consecutively over the waveguide (n=3 mean three
boxes).
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Figure 3.13: Change in the reflectivity dip angle as a function of time for a waveguide layer
made from 2% chitosan incubated in RB4 dye (1 mM) for 30 min. Glycerol solutions of 0.5%,
1%, 2.5%, 5%, 7.5% and 10% were pumped consecutively over the waveguide (n = 3 mean three

boxes).
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Figure 3.14:Change in the reflectivity dip angle as a function of time for a waveguide layer
made from 2% chitosan incubated in RB4 dye (1 mM) for 60 min. Glycerol solutions of 0.5%,
1%, 2.5%, 5%, 7.5% and 10% were pumped consecutively over the waveguide (n = 3).
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Figure 3.15: Change in the reflectivity dip angle as a function of time for a waveguide layer
made from 2% chitosan incubated in RB4 dye (1 mM) for 130 min. Glycerol solutions of 0.5%,
1%, 2.5%, 5%, 7.5% and 10% were pumped consecutively over the waveguide (n = 3).
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Figure 3.16: Sensitivity for the waveguide layers to changes in refractive index for 2 % (w/v %)
chitosan films incubated with 1 mM RB4 dye for different times (10, 30 and 60 min).
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As a result of these measurements, the incubation time of 10 min for RB4 dye was chosen
for further investigation, namely to study the effect of glycerol in different buffers.
Bioassays and immobilisation of biorecognition species are generally performed with
buffers at pH 7.4. Two different buffer systems were compared, namely PBS (phosphate
buffered saline) and HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer.

The measured refractive indices of glycerol solutions in water, PBS and HEPES buffer
are plotted in fig.3.17. Each solution of glycerol has a specific value of refractive index
that leads to shift in the dip position by changing the solutions. The degree of shifting is
depended on the value of refractive index and on the amount of the dye that presents into

the chitosan film.

136 -
1.355 - HEPES
x E
< 135 -
j= ] PBS
v ] water
2 1345 -
= ]
(%] |
m -
':__ 4
s 134 1
o 4
1.335 -
1.33 1 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12

Concentration of Glycerol [%]

Figure 3.17: Refractive index for glycerol solutions prepared in de-ionised water, PBS and
HEPES buffer.

Chitosan layers (2%) were prepared as before and stained with RB4 dye for 10 min. The
plots illustrating the shift in dip as the different glycerol solutions are pumped over the
waveguide are shown in fig.3.18 for water, fig.3.19 for PBS buffer in fig.3.20 for HEPES
buffer. All these experiments were performed on the same chitosan-coated glass
substrate. Finally, fig.3.21, Summarises the extent of shift in dip as a function of refractive
index for the three types of glycerol solutions. As can be seen, water gives the largest

sensitivity, PBS gives the lowest sensitivity.
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Buffers with multivalent anions have been reported to crosslink chitosan, reducing the

pore size and hence the sensitivity.

Discuss what this mean, the positive ammonium groups of the protonated chitosan were
directly bound to negatively charged sulphate groups of PBS. This is indicative of an
interaction between the amine groups on the chitosan and the phosphate ions in PBS
solution. This suggested that a crosslink and/or crosslink network between the two might

be set up %2,
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Figure 3.18: Dip shifting under different concentrations of glycerol (v:v %) solutions prepared
in de-ionised water using a two channel flow cell, the surface initially incubated with dye for
30 min.
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Figure 3.19: Dip shifting under different concentrations of glycerol solutions (v/v %) prepared
in a PBS buffer at pH 7.4, the surface initially incubated with the dye for 30 min.
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Figure 3.20: Dip shifting under different concentration of glycerol solutions (v/v %) prepared
in HEPES buffer at pH 7.4, the surface initially incubated with the reactive blue 4 dye for 30
min.
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Figure 3.21: Shift in angle on chitosan waveguide layer against refractive index value. Three
series of glycerol solutions were prepared in de-ionised water, PBS and HEPES, the surface
initially incubated for 30 min.

3.4 Investigation of the Porosity of the Waveguide Film

3.4.1 Porosity Study with Glycerol, BSA and PEG/PEO using Optical
Waveguide System

The porosity of the waveguide layer is important: it determines the available surface area
for the binding of antibodies as biorecognition elements; the pore size needs to be
sufficiently large to allow the antibodies as well as the relevant sample components to
penetrate into the film and thus give a fast response time; the three-dimensional network
structure of the film should also be fairly stable to avoid excessive swelling or

components of the film layer being carried away with the flow.

In an initial set of experiments, solutions of glycerol (92 Da) and BSA (66 kDa) in PBS
buffer were investigated. They were prepared as outlined in section 2.6. BSA and glycerol

solutions were prepared in PBS such that they have the same refractive index value.

The curve showing the shift in dip over the progress time of the experiment is shown in
fig.3.22. Initially PBS was flushed for 10 min, this was followed by the glycerol solutions

from low to high concentration for 10 min each. Then the device was flushed with PBS
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and the BSA solutions with increasing concentrations were pumped through
consecutively for 10 min each with buffer washes in-between. Comparing the two, it can
be seen that glycerol shifts the resonance angle by about 1.4°, whereas BSA only shifts
the resonance angle by 0.4°. In both cases, the resonance angle returned to its original
position when flushing with PBS. The lower shift in dip for the BSA with its high
molecular weight is because it cannot penetrate the pores as effectively as the low MW
glycerol. It can be concluded that none of BSA concentrations can be defused inside the

2% of chitosan waveguide due to the highly small pore size.
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Figure 3.22: Change in the reflectivity dip angle against time using two different compounds
(glycerol and BSA) featuring different molecular weights but the same refractive index. The
chitosan waveguide was prepared by 2% chitosan solution and stained with 100 uM RB4 dye
for 10 min.

Next, the PEG and PEO polymer solutions of higher molecular weight were investigated.
40 kDa PEG and PEO of 100 kDa, 200 kDa and 400 kDa were employed. The solutions
were prepared and the experiment run as described in section 2.6.1. Fig.3.23, shows the
shift in dip as the various 1% polymer solutions were pumped through the flow cell
consecutively. As can be seen, the resonance angle increases with glycerol as observed
before and then returns to below its original position upon PBS flushing. The polymer
solutions on the other hand resulted in a reduction in resonance angle, and thus in a

negative shift in dip. The PBS flushing at the end did not restore the dip to its original
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position, and the shift in angle degree it can be seen with different concentrations of BSA.
This can be related to the pore size is highly small size into the sensing region of chitosan
waveguide as not like the glycerol. The molecular weight of BSA is 66 kDa which is

totally not comparable to glycerol solution with molecular weight of 92.09 g.moL™.

Used flow cell 2, only one channel, not compensated for shift in temperature, that's due
to the speed of light in a substance is slower than in a vacuum since the light is being
absorbed and reemitted by the sample into the waveguide layer. Since the density of a
liquid (sample) usually decreases with temperature, it is not surprising that the speed of
light in a liquid will normally increase as the temperature increases. Thus, the index of
refraction for the waveguide layer will normally decreases as the temperature increases
for a liquid into the waveguide layer, might explain overall downward trend. For many
organic liquids the index of refraction decreases by approximately 0.0005 for every 1 °C

increase in temperature 1%,
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Figure 3.23: Dip shifting for different molecular weights of polymers prepared in the same
buffer PBS (pH 7.4) using another solution (glycerol prepared in PBS), the glass slide initially
incubated with the reactive blue 4 dye (100 puM) for 10 min. All these polymers and the glycerol
solution have the same refractive index (1.3355); the refractive index for PBS was 1.3345.
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3.4.2 By Fluorimeter

The aim of this experiment was to investigate the porosity of the waveguide film by
studying the diffusion of fluorescently labelled BSA into the chitosan hydrogel layer
using fluorescence spectrometry. As described in the experimental chapter (section 2.6.2),
chitosan hydrogel was poured into cuvettes and left to dry. Solutions of FITC-labelled
BSA and of FITC were added to different cuvettes and the fluorescence intensity of the
gels in the cuvettes was measured. The gels were then washed with PBS. Photographs
from the experiments are shown in fig.3.24. The obtained fluorescence intensities are
plotted in fig.3.25.

Figure 3.24: Photographs of (a) cuvettes with 1 mL of 2% of chitosan gel following drying at
room temperature for 2 h. (b) FITC solution in cuvette and following washing and (c) BSA-
FITC.
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It can have be seen that the fluorescence intensity of the FITC stained chitosan gels (fig.
3.24Db) is higher than the fluorescence intensity of the BSA-FITC stained chitosan gels
(fig.3.24c). From these experiments it can be concluded that the FITC can diffuse freely
into the chitosan gel and remained absorbed even following washing. On the other hand,
the BSA-FITC appears to be adsorbed physically on the outside of the chitosan gel and
just a small amount diffuses inside gel. This is in agreement with measurements on the
DDLW setup described in the previous section. This would indicate that the pore size of
the chitosan is small in comparison to the size of the relatively high molecular weight
BSA molecules. Therefore, the porosity of the chitosan film would need to be increased

in order to conduct meaningful binding assay on the waveguide.
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Figure 3.25: Obtained fluorescence intensity for chitosan films stained with FITC and FITC-
labelled BSA.
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3.5 Conclusion — waveguide characterisation and porosity

In this chapter, the conditions for spin coating the chitosan film on the glass substrate
were optimised, a 2% of chitosan solution with glutaraldehyde, spin coated at 3,000 rpm

for 30 s gave best results to confine the light for the waveguide effect.

To characterise the waveguide layer, the number of moles of amino groups that may
ultimately be available for antibody binding in the entire volume of the chitosan was
estimated with by saturating the film with blue RB4 dye and taking absorbance
measurements. It was found that the film 2% of chitosan film has the number of
availability of amino groups higher than 1% and 1.5% of chitosan film.

Additional experiments was carried out to investigate the sensitivity of the waveguide
layer to changes in refractive index. It was found that incubation of the chitosan films
with RB4 dye for 10 min resulted in a sharp dip in reflectivity and the highest sensitivity
compared to longer incubation times. The sensitivity when using deionised water as
solvent was found to be >90 degrees shift per 1 RIU (refractive index unit). This means
the sensitivity of detection method that is based on the change of refractive index into the
waveguide layer is highly depended on the amount of the dye and the porosity of the
waveguide film. The sensitivity of the chitosan waveguide to the value of the refractive
index when using buffers relevant to biological assays was found to be lower, for HEPES

<90 degrees per RIU and for PBS also <90 degrees per RIU.

In addition the porosity of the waveguide film was investigated by studying the extend of
diffusion of BSA (66 kDa) and PEG/PEO polymers (10 — 400 kDa) into the chitosan
waveguide using the optical waveguide setup and fluorescence spectrophotometry. These
experiments let to the conclusion that the pore size of the chitosan film is too small to
allow the biomolecules to enter the film and therefore, attempts needed to be made to

increase the pore size, as described in the following chapter.

The pore size of the waveguide film was investigated by using BSA and different

molecular weights of PEG and PEO solutions.

Up on monitoring the shifting in the dip position, it can be concluded that none of the

solutions can be diffused into the 2% of chitosan film due to the highly small pore size.

134



CHAPTER 4

Optimising the Porosity of the
Leaky Waveguide Layer
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The porosity of the waveguide film is of key importance for the detection of antibody-
antigen binding in the film. The pore sizes need to be sufficiently large to allow
penetration of the biorecognition elements that are to be immobilised within the film as
well as penetration of the sample components of interest so that they can bind to the
biorecognition elements in the film. If the porosity is too high however the film is likely
to swell and loose its consistency during an experimental run. Furthermore, pore sizes on
the 100s nm scale will lead to light scattering thereby compromising the function of the
optical waveguide. Initial experiments described in chapter 3 indicated that pore size of
the spin-coated 2.0% chitosan film with added glutaraldehyde was too small, not allowing
BSA (66 kDa) and PEG/PEO (10 kDa — 400 kDa) to enter. In this chapter, investigations
are described that were aimed at increasing the pore size of the chitosan gel layer, namely
using silica nanoparticles as porogens that are embedded and later dissolved. Another
approach studied involved varying the amount of cross-linker and drying time of the spin-

coated chitosan layers.

4.1 Silica nanoparticles as Porogens

4.1.1 Investigation of solubility of silica NPs in NaOH

Silica nanoparticles (NPs) were envisaged as porogens. The idea was to incorporate them
during the waveguide film deposition and to then dissolve them with sodium hydroxide
(NaOH) in order to obtain pores of the size of the silica particles. Initially, commercially
available silica nanoparticles (100 nm) were studied. Silica particles were mixed with a
range of NaOH solutions (5%, 10% and 15%) for reaction times between 2 h and 17 h
has laid out in section 2.7.1. The results are summarised in tables 4.1, 4.2 and 4.3. As can
be seen, only for the highest concentrations of NaOH (7% and 10% in reaction vessel)
and longest reaction time (17 h) were the silica particles found to dissolve.

Table 4-1: Solubility of silica NPs; 20 uL of a 1% silica particle suspension were mixed with
different volumes (5, 10, 20, 30, 40 uL) of 5% NaOH for reaction times of 2, 4, 6 and 17 h.

Volume of 5% Reaction time / h

NaOH / pL 2h 4 h 6 h 17 h
5 not dissolved = not dissolved | not dissolved = not dissolved
10 not dissolved = not dissolved | not dissolved = not dissolved
20 not dissolved = not dissolved | not dissolved = not dissolved
30 not dissolved = not dissolved | not dissolved = not dissolved
40 not dissolved = not dissolved | not dissolved = not dissolved
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Table 4-2: Solubility of silica NPs; 20 uL of a 1% silica particle suspension were mixed with
different volumes (5, 10, 20, 30, 40 uL) of 109% NaOH for reaction times of 2, 4, 6 and 17 h.
Reaction time/ h

Volume of 10%

NaOH / uL 2h 4h 6h 17 h
5 not dissolved = not dissolved = not dissolved not dissolved
10 not dissolved = not dissolved = not dissolved not dissolved
20 not dissolved = not dissolved = not dissolved not dissolved
30 not dissolved = not dissolved = not dissolved not dissolved
40 not dissolved = not dissolved = not dissolved = dissolved

Table 4-3: Solubility of silica NPs; 20 uL of a 1% silica particle suspension were mixed with
different volumes (5, 10, 20, 30, 40 pL) of 15% NaOH for reaction times of 2, 4, 6 and 17 h.
Reaction time / h

Volume of 15%

NaOH / pL 2h 4 h 6h 17 h
5 not dissolved = not dissolved = not dissolved = not dissolved
10 not dissolved = not dissolved = not dissolved not dissolved
20 not dissolved = not dissolved = not dissolved not dissolved
30 not dissolved = not dissolved = not dissolved not dissolved
40 not dissolved = not dissolved = not dissolved =~ dissolved

4.1.2 Incorporate of silica NPs into chitosan and dissolution

As a next step, the dissolution of the commercially available 100 nm silica particles in
NaOH was investigated in the chitosan gel. Silica particle suspensions and chitosan
solutions were mixed as described in section 2.7.1 and left to gel for 24 h. Then sodium
hydroxide was added and the mixtures were left to incubate on the hotplate at 80 °C for
time intervals ranging from 10 min to 100 min. Following this, the gel was incubated with
BSA-FITC for 2 h and washed with PBS. Photographs of the gels following NaOH
treatment and BSA-FITC staining are shown in fig.4.1. It was found that a strong and
flexible chitosan gel was obtained that did not show any signs of shrinkage upon drying.
Fluorescence measurements of the gels are plotted in fig.4.2. For these measurements it
can be seen that the fluorescence intensity increased with increasing incubation time up
to a saturation point (50 min) and then decreased. This indicates that the pores in the
chitosan gel were completely filled with the BSA-FITC after 50 min of incubation time

and therefore, this adsorption period is sufficient to reach adsorption equilibrium.

137



(i) t=90min

Figure 4.1: Chitosan gel with embedded silica nanoparticles prepared in cuvettes. The gels
were incubated with NaOH for (a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min, (€) 50 min, (f) 60
min, (g) 70 min, (h) 80 min and (i) 90 min. For each incubation time a photograph before and
after staining with BSA-FITC was taken.
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Figure 4.2: Fluorescence intensity of chitosan with embedded silica nanoparticles, following
incubation with NaOH for 10 to 100 min to dissolve the particles and staining with BSA-FITC
(blue bars) as well as following washing with phosphate buffer (red bars).
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To further investigate the porosity with silica nanoparticles as porogens, different
chitosan/particle ratios were tested. The chitosan solution and particle suspensions were
prepared as before and mixed at ratios of 2:1, 1:1, 1:2 and 1:3. They were stirred for 1 h
and then poured into cuvettes and left for 24 h at room temperature to form a gel. The
silica particles were then dissolved with NaOH solution for 17 h has described before and
washed with deionised water to remove the NaOH. The cuvettes were then again
incubated with BSA-FITC for 2 h and washed with PBS. Photographs of these gels are
shown in fig.4.3.

Fig.4.4, shows results from measurements of the fluorescence intensity of the native gel,
the gel when immersed in BSA-FITC solution, the gel following decanting of the BSA-
FITC and the gel after washing with PBS.

As can be seen in the figures, all the gels retained some fluorescence indicating that BSA-
FITC has been bound into the gel. The gels with higher chitosan ratio retained more BSA-
FITC. It was found that the ratio to 1:2 of silica to chitosan lead to a smooth mixture.
These ratios of gel to porogen were also reported to sustain higher flow rates and
mechanical stability in continuous flow processes ¥ . The key conclusion of this
experiment was Diffusion silica beads into the chitosan layer has shown a remarkable

results where BSA molecules can be easily diffused inside the chitosan hydrogel.

As these commercially available silica nanoparticles are relatively expensive it was

decided to synthesis of silica nanoparticles in-house using the Stober method 128 134,

139



Figure 4.3: Chitosan gel prepared by mixing different ratios of a 2.5% chitosan solution with
a suspension of 1% silica particles, leaving the gel to form for 24 h and then dissolving the
silica particles with NaOH. (a) Ratio 2:1, (b) ratio 1:1, (c) ratio 1:2 and (d) ration 1:3. The
photos show (1) the prepared gel, (2) the cuvette with the gel after addition of 2 mL BSA-FITC
for 2 h, (3) the cuvette with gel after the BSA-FITC supernatant had been poured out and (4)
the cuvette with the gel after washing with PBS.
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Figure 4.4: Fluorescence intensity for chitosan with silica beads prepared at ratios of 2:1, 1:1,
1:2 and 1:2 measured in the cuvette before addition of fluorescently labelled BSA, after
incubation with 2 mL of fluorescently labelled BSA for 2 h, after pouring out of excess solution
and finally following washing with PBS.

4.1.3 Synthesis of silica nanoparticles via Stéber Method

Silica nanoparticles were synthesised via the Stéber Method based on hydrolysis of tetra-
ethyl ortho-silicate (TEOS) in ethanol using a range of ammonium hydroxide
concentrations 34, as explained in section 2.7.2. Particle size was measured using a zeta
sizer. An example of such a plot is shown in fig.4.5a, showing preparation of silica
nanoparticles by sequential addition method (St6ber Method). The average sizes of the
particles prepared in the different ammonium hydroxide solutions are summarised in
fig.4.5b. The size of the silica particles as obtained by zeta sizer measurement ranged
between around 300 nm and 380 nm for the lower ammonium hydroxide concentrations
(0.86 M —1.15 M). Using the higher ammonium hydroxide concentrations of 1.30 M and
1.44 M resulted in particles of about 130 — 140 nm in diameter. The obtained particle
sizes are significantly larger than the 55 nm — 130 nm diameters obtained from TEM
measurements reported in ref. (134). If silica particles much larger than 100 nm are used,
the resulting pore sizes in the waveguide film would cause light scattering and diminish
the performance of the sensor. Therefore, an alternative procedure was followed to obtain

smaller silica nanoparticles.
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Figure 4.5: (a) Example of a size measurement as obtained from 0.86 M — 1.15 M (b) Average
size of silica particles measured by zeta sizer obtained from different concentrations of
ammonium hydroxide with a TEOS concentration of 0.045 M in 4 M aqueous ethanol.

A variation of the Stober Method 28 was investigated which has been reported to produce
smaller particles. The particles were prepared as outlined in section 2.7.2 and the average
size was measured with zeta sizer. Fig.4.6a and b, shows the results of particle size
measurements. As can be seen from the figure, particle size decreased with increasing
ethanol concentration over a range from 200 nm to 50 nm. Whilst the particle size
distribution was larger than those reported in ref. (128), the particles were sufficiently
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small and thus functional for study of their ability to act as porogens for the chitosan

hydrogels.
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Figure 4.6: (a) Example of zeta sizer measurement. (b) Average size of silica particles obtained
in an aqueous solution containing 0.4 M TEOS, 0.2 M NH3zand ethanol concentrations ranging
from 0.34 M to 1.03 M.
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4.1.4 Porosity studied by fluorimeter following BSA-FITC incubation

The porosity of the chitosan gel with 50 nm diameter silica nanoparticles was investigated
similar to the experiments described in section 4.1. The small particles were chosen
because they should ensure increased porosity whilst not leading to excessive light
scattering in the waveguide. Gels from 2.5% (w/v%) chitosan with glutaraldehyde were
prepared as before and mixed with suspensions of 1%, 2% and 3% of the 48 nm £ 25 nm
silica nanoparticles. Then different ratios of chitosan solution to silica beads were
investigated (2:1, 1:1, 1:2 and 1:3). Once the gel was formed, the silica NPs were
dissolved with NaOH to yield a porous gel material, which was stable and not found to
shrink visibly. The ability of these materials to take up BSA-FITC (66 kDa) was studied
as before. Photographs of the cuvettes showing the gel after the silica NP dissolution, the
cuvette with BSA-FITC solution, the gel in the cuvette following BSA-FITC decanting
and finally, the cuvette with gel following washing with PBS buffer as shown in fig.4.7.

Fluorescence measurements of these gels are summarised in fig.4.8.

As can be seen fluorescence intensities are low and, as found before with the
commercially available 100 nm silica nanoparticles (see fig.4.7), the gel prepared from

the 2:1 ratio of chitosan to silica particles retained the largest amount of BSA.

Also, a 1:2 ratio of silica to chitosan leads to an approximately symmetric waveguide

layer as indicated in this figure.
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Figure 4.7: Photographs of gels incubated with BSA-FITC to investigate gel porosity. The gels
were prepared from 2.5% chitosan and a 10% suspension of silica nanoparticles of 48 nm + 25
nm at ratios of (a) 2:1, (b) 1:1, (c) 1:2 and (d) 1:3. The silica NP were dissolved with NaOH to
render a porous gel material. The photographs show (1) the gel after NaOH treatment, (2) the
cuvette filled with BSA-FITC solution, (3) the cuvette after decanting of excess BSA-FITC
solution and finally (4) after washing with PBS.
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Figure 4.8: Fluorescence intensity for chitosan with 50 nm silica nanoparticles prepared at
ratios of 2:1, 1:1, 1:2 and 1:2 measured in the cuvette before addition of fluorescently labelled
BSA, after incubation with 2 mL of fluorescently labelled BSA for 2 h, after pouring out of
excess solution and finally following washing with PBS.

4.1.5 Performance of chitosan film as optical waveguide with following

porogen treatment

The porosity of the chitosan hydrogel gel following treatment with commercial (100 nm)
and synthesised (50 nm) silica nanoparticles was investigated by studying the shift in dip
upon incubation with various molecular weight polymers. The porous chitosan gels were
prepared as described in 2.7.4, based on a 2.0% chitosan solution mixed initially with
glutaraldehyde and then with a 1% suspension of silica nanoparticles in a ratio of 2:1. The
mixture was spin-coated onto glass substrates and then incubated with 10% NaOH to
dissolve the silica. The slides were washed with water. At this point, the chitosan film
was observed to detach from the glass substrate. Nonetheless, the glass substrate was
immersed in RB4 (10 uM) for 10 min to stain any chitosan that might be remaining. This
was then interfaced with the flow cell (design 2) and placed on the optical setup with the
laser and CMOS camera positioned at 65° with respect to the base of the prism. In fig.4.9,
an image obtained from the CMOS camera of the film with 100 nm silica particles as
porogens is shown following RB4 incubation. As expected, there is no clearly apparent
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dip on the glass slide, only a few dark areas, as the chitosan layer was washed away.
Whilst the sodium hydroxide seemed effective in dissolving the silica, the chitosan gel
itself became detached from the glass substrate.

>

distance across width
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Figure 4.9: CMOS image obtained from dye doped chitosan film with 100 nm silica
nanoparticles as a porogen following incubation with RB4 (10 puM).

Nonetheless, boxes for tracking of the dark area were drawn on the computer software
and the shifting of these was tracked when the various solutions, i.e. 0.5% glycerol and
different molecular weight polymers (PEG and PEQ) ranging from 10 kDa t0 200 kDa
(as detailed in section 2.7.4) as shown in fig.4.10.

147



1245

1240
o0

1235 PBS

21230
~1225
vy

o 5
%1220 peQP RBS

Q
) FBS

1210
PBS
ohs  PBS

1205 r—r—r— 71 rrTrTr7rrrrrr7rrrrrror T T T T T
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
time/h

Figure 4.10: Dip shifting for different molecular weights of polymers prepared in the same
buffer, PBS (PH=7.4), using another solvent (water) ; surface of the glass slide initially
incubated with 10% (0.1 M) of sodium hydroxide for 17 h at room temperature and for 10 min
at 80°C. All of these polymers and glycerol solutions have the same refractive index 1.3355.
The refractive index for PBS was 1.3345.

Next, the 100 nm commercially available silica NP were investigated. Fig.4.11, shows a
gel composed of a 2:1 ratio (chitosan to silica NPs) incubated with sodium hydroxide for
2 h at room temperature. A sharp dip is clearly and encouragingly visible in this image.
Fig.4.12, shows a plot of tracking the position of the dip for this waveguide following
flushing with glycerol and polymer solutions. It can be seen that the glycerol caused a
significant shift in dip, indicating it could penetrate into the waveguide. The polymer
solutions however did not yield in any significant dip in position, indicating that they
could not penetrate into the waveguide layer. The overall downward drift maybe a result
of external fluctuation (room temperature, and humidity), since flow cell design does not

have a reference channel to account for these.
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Figure 4.11: CMOS image from waveguide coated onto glass substrate with 2:1 ratio chitosan
to commercial silica particles (100 nm), dissolved with 10% NaOH for 2 h following RB4
staining (1 mM) for 10 min.
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Figure 4.12: Dip shifting for different molecular weights of polymers PEG and PEO prepared
in PBS 2:1 ratio chitosan to commercial 100 nm silica beads. The surface of glass slide initially
incubated with 10% of 0.1 M sodium hydroxide for 2 hrs, then washed with distilled water;
after that incubated with the reactive blue 4 dye (10 uM) for 10 min and washed with water. All
these polymers and glycerol solution have the same refractive index, 1.3355, and the refractive
index for PBS was 1.3345.

This experiment was repeated with synthesized silica nanoparticles (around 50 nm)
Figure 4.13, shows the image from the CMOS detector clearly showing a dip in

reflectivity.
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Figure 4.13: CMOS image of waveguide prepared from a 2:1 ratio chitosan to silica NPs (ca.
50 nm) that were then dissolved with NaOH to yield a porous film.
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Figure 4.14: Dip shifting for different molecular weights of polymers, 2:1 ratio chitosan to
synthesised silica beads (48 nm), and the surface of glass slide initially incubated with 10% of
sodium hydroxide for 2 hrs. All of these polymers and glycerol solution have the same
refractive index 1.3355, and the refractive index for PBS was 1.3345.

To conclude, the pore size of the leaky waveguide layer with commercial and synthesized
silica beads has been investigated by diffusion of a glycerol solution and polymer
solutions. Glycerol has a low molecular weight and can easily diffuse into the waveguide
layer. PEG and PEO solutions with different molecular weights but almost no shift in dip
was observed, fig.4.14, indicates that none of these solutions can diffuse inside the film
I.e. that at the pore size is still too small. In many cases it was found that the chitosan film
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lifted from the substrate when dissolving the porogens with NaOH treatment. Therefore,

different methodologies were used to enhance and control the porosity of a chitosan layer.

4.2 Controlling Porosity by Drying Time of Chitosan Layer

It has been reported in the literature 8 that wet chitosan is porous and highly permeable
to ions. A highly porous material would also not support the waveguide mode to a large
scattering of light from the surface. In contrast, a fully dried chitosan film produced by a
spin coater or hydrogel that is cast on a cuvette without modification has not provided
any enhancement to the porosity as was shown in section 2.7.5. It was hypothesised that
by controlling the drying time following spin-coating of the chitosan solution a
waveguide layer of suitable porosity may be obtained.

The experimental procedure was carried out as described in section 2.7.5 by using
different concentrations of chitosan (0.5%, 1.0% and 2.0%), different spin speeds (900-
1500 rpm) and different drying times (1 min to 10 min). The obtained films were dyed

with RB4. Reflectivity curves were obtained as laid out in section 2.7.5
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Figure 4.15: The reflectivity curve of the waveguide layer from 0.5% chitosan using different
drying times (1, 2, 3, 4, 5 and 10 min) at spin speed 900 rpm.
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Figure 4.16: The reflectivity curves of the waveguide layer prepared from 1.0% chitosan using
different drying times (1, 2, 3, 4, 5 and 10 min) at spin speed 900 rpm.
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Figure 4.17: Reflectivity curves of waveguide layer prepared from 1.5% chitosan using
different drying times (1, 2, 3, 4, 5 and 10 min) at a spin speed 900 rpm.
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Fig.4.18 (a, b, and c), indicates different single dips obtained at different drying times
from 3 min to 10 min. However, the sharpest dip was seen at 3 min where by increasing
the time of drying, a broader dip was observed. This could be due to water molecules
being evaporated from the chitosan surface which leads to irreversible shrinking of the
thickness of the surface and consequently decrease in the pore size. This would increase
the density of the chitosan, a result that corresponds to a longer time of light confinement
inside the waveguide before coupling out. Therefore, more light will be absorbed by the
dye molecules during that time and hence a broader dip is observed. There is no dip at 2
min drying time and this can be related to the larger pore size present, which cannot
support a waveguide mode. The sharpest dip responds to the value of the refractive index
with the highest sensitivity, thus this condition was chosen for further investigation.
Therefore, the optimal condition for a waveguide mode under different drying times was

seen as 1% (w/v) of chitosan concentration coated at 900 rpm and then left to dry for 3

min.
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Figure 4.18: The reflectivity curve of the waveguide layer with the dye using different spin
speeds (600, 900, 1200 and 1500 rpm), 3 min dry time; concentration of chitosan was a: 0.5%;
b: 1%; c: 1.5%. The optimum drying time 3 min was further examined under different
concentrations of chitosan at different spin speeds. It’s clear from concentrations of chitosan

at different s

pin speeds.
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4.3 Characterization of Film Porosity

4.3.1 Diffuse Different Molecular Weights of Polymers PEG and PEO

Different solutions of glycerol, PEG and PEO were injected through a peristaltic pump at
a flow rate of 0.25 mL min, all these solutions have the same refractive index. As
indicated in fig.4.19, the degree of shift in angle with all PEG and PEO solutions averaged
0.071 which is identical to what has been observed with glycerol solution 0.09. This
indicates significant enhancement in the pore size of the chitosan, which we suggest is

large enough to sense even with the highest molecular weight of PEO (400 kDa).
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Figure 4.19: The reflectivity curve of the waveguide layer using 1% concentration of chitosan
at spin speed 900 rpm with the different molecular weights of glycerol and polymers PEG and
PEO solutions, which all have the same refractive index (1.3365).

Thus, the degree of shift varied slightly at different regions suggesting that some pore
sizes were somewhat smaller than in the other regions of the dip. All the solutions were

made up with the same refractive index (1.3365).
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4.3.2 Diffuse Different concentrations of BSA protein

The pore size of the leaky waveguide layer was investigated with different concentrations
of bovine serum albumin (BSA, 66 kDa) and glycerol (92.1 g mol™?) as described in
section 2.6.2. A plot of the shift in the dip is shown in fig.4.20.There was an increase in
the shift of angle with an increase in the concentration of BSA solutions from 0.35 to
1.65, which did not return to the starting position of 0.35 with HEPES buffer. Moreover,
higher concentrations of BSA show a shift in angle as can be seen with 0.5, 1 and 2% of
BSA. This can be related to the pore size of the chitosan film which is clearly too large

to diffuse the BSA molecules into the sensing region of the chitosan film, like the

glycerol.
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Figure 4.20: Changing in the reflectivity dip angle versus time using two different solutions
(glycerol and BSA). The surface initially incubated with reactive blue4 dye (100 mM) for 5 min.

156



4.3.3 Study Effect of pH

The pH value can play a significant role on the surface of chitosan layer leading to a
swelling or shrinking of the waveguide film by protonation and de-protonation of the
amino group. The condition of the chitosan waveguide layer which has significant pore
size was further investigated in terms study the effect of pH. Fig.4.21, shows the effect of
pH value on the degree of shift in which it decreased from approximately 0.3 to 0.15 when
the buffer was switched from pH 7.4 to 8.4, giving an average shift of 0.15 degrees. At
higher pH a deprotonation process occurs, which leads to a reduced positive charge and
thus decreases the repulsion between the amine groups. Therefore a shrinking of the
chitosan waveguide would be expected. The dip position did not return to the normal
position even when pH 7.4 buffer was flushed through the channel. At pH 6.4 and 5.4
there was an increase in the degree of shift which can be easily returned to the baseline
by flushing with pH 7.4. At lower pH more protonation of amino groups takes place and
to some extent, the chitosan will be dissolved. This was observed at pH 4.4 in which the

dip totally disappeared due to chitosan, dissolving as shown in fig.4.22.
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Figure 4.21: Changes in the reflectivity dip angle versus time using different pH solutions of
HEPES buffer (8.4, 7.4, 6.4, 5.4 and 4.4). The surface initially incubated with the RB4 dye (100
M) for 5 min.
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Figure 4.22: profile pictures captured by the camera of glass slide injected with different pH
solutions: a: HEPES pH 7.4 buffer; b: HEPES pH 8.4 buffer; c: HEPES pH 6.4 buffer; d:
HEPES pH 5.4 buffer; and e: HEPES pH 4.4 buffer.

4.3.4 Effect of Cross-linker

The effect of crosslinking the chitosan waveguide was studied with N
hydroxysuccinimide-polyethylene glycol-N hydroxysuccinimide (NHS-PEG-NHS) of
with different lengths as described in section 2.9. The most common way of crosslinking
the amine group in the chitosan layer involves reacting an amine group of chitosan with
the NHS of a linker. NHS-PEG-NHS is a popular amine-specific functional group. When
incorporated into the chitosan layer this can give a level of control over the pore size via

formation of amide bonds as shown in fig.4.23.
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Figure 4.23: Reaction of amine group of chitosan layer with a linker NHS-PEG-NHS.

The experimental procedure was the same as in the previous experiment, except that 1
mM of NHS-PEG-NHS was prepared in 100 mM of HEPES buffer with lengths of 500
Da, 2 kDa and 3 kDa was added after the drying process to the coated chips for 5 min
followed by washing with HEPES and incubation with the dye.
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Fig.4.24, Shows a run performed with 500 Da crosslinker. The shift in degrees varied
from solutions where glycerol still exhibits the highest value of shift which gradually

decreases with an increase in the molecular weight of polymers.

In fig.4.25. On the other hand, exhibits the average of the three runs performed by using
the 2 kDa NHS-PEG-NHS crosslinker. The shift with PEG and PEO solutions were
clearly lower than with glycerol. However, the difference in the shift degree of the
polymer solutions was not very high particularly between PEG 35, PEO 40, PEO 200 and
PEO 400.
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Figure 4.24: Reflectivity curve of waveguide layer with different molecular weights of cross
linker (NHS-PEG-NHS) using 1% concentration of chitosan at a spin speed 900 rpm with 500
Da.
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Figure 4.25: Reflectivity curve of waveguide layer with different molecular weights of cross
linker (NHS-PEG-NHS) using 1% concentration of chitosan at a spin speed 900 rpm with 2
kDa (for 4 boxes).
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Figure 4.26: Reflectivity curve of waveguide layer with different molecular weights of cross
linker (NHS-PEG-NHS) using 1% concentration of chitosan at a spin speed 900 rpm with 3
kDa (for 3 boxes).
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A significant enhancement in the pore size of chitosan was also observed with a surface
that was initially crosslinked with 3 kDa of NHS-PEG-NHS. As illustrated in fig.4.26,
the movement of the dip position on applying different solutions having the same
refractive index value is highly similar for each solution. This indicates the superior
improvement in the chitosan’s pore size. The porosity on the surface somewhat varies in
size as shown in the figure, with different shifting between lines. Non-crosslinked
surfaces (fig.4.19, have shown the highest shift in angle among all conditions that were
used. Therefore, the variation in the pore size of the chitosan waveguide was clearly
observed. This would be related to the fluctuations in humidity and temperature that can

have an impact on the porosity of the waveguide film.

4.3.5 Effect of different pH

The experiment to study the effect of different pH values on the waveguide film was
performed with the optimum condition of chitosan waveguide using a crosslinker (3 kDa)
of NHS-PEG-NHS, as shown in Fig.4.27, crosslinking the chitosan molecules by a
covalent bond with an amino group would help to prevent the dissolving of chitosan at

lower pH.
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Figure 4.27: Changes in the reflectivity dip angle over time using different pH solutions of
HEPES buffer (8.4, 7.4, 6.4, 5.4 and 4.4). The surface was initially incubated with the cross
linker (Mwt 3000 Da) and the RB4 dye (100 mM) for 5 min (for 2 bobex).
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The degree of shift under different pH of HEPES buffer between pH 7.4 and 8.4 was close
to that obtained with the previous experiment without cross-linker (see fig.4.21).
Unfortunately, the chitosan waveguide dissolved at lower pH as indicated in fig.4.28.

Figure 4.28: profile pictures captured by the camera of glass slide injected with different pH
solutions. a: HEPES pH 7.4 buffer; b: HEPES pH 8.4 buffer; c: HEPES pH 6.4 buffer; d:
HEPES pH 5.4 buffer and e: HEPES pH 4.4 buffer.

This would suggest that the amino groups of the chitosan layer are not bound with the
cross-linker into the chitosan layer. That is because the optimum pH for the reaction
between the amino groups and NHS was recommended in the literature to be higher
(between 8 and 8.5). This can be related to the fact that at higher pH, more covalent bonds
occur. That is due to the more deprotonation of the amino groups existing in the
waveguide film. This experiment has proved that the variations in the porosity of the
waveguide layer can be controlled by the drying time of the chitosan layer, and they are

not related to the length of the cross-linker.
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4.4 Conclusion

In the previous chapter, we have seen by monitoring the shifting in the dip position it can
be concluded that none of the solutions can be diffused inside the 2% of chitosan

waveguide due to the extremely small pore size.

Therefore, different methodologies were used to enhance the porosity of the chitosan film.
Diffusion of silica beads into the chitosan layer has shown remarkable results where BSA
molecules can easily diffuse inside the chitosan hydrogel. However, the chitosan film
cannot be stable under NaOH treatment. Controlling the drying time of chitosan that can
provide a waveguide mode with an enhancement, to some extent, in the porosity of the
waveguide layer that has achieved fascinating results where the pore size was large
enough for all molecules. Moreover, crosslinking of the chitosan waveguide with cross-
linkers (NHS-PEG-NHS) of different lengths has been used in drying time experiments
for enhancement of the pore size of the waveguide film at 3 min drying time. Therefore,
this experiment has indicated that the variations in the porosity of the 1% chitosan layer
coated at 900 rpm can be controlled by drying time. This was considered the optimum

condition, and it is not related to the length of a cross-linker.
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CHAPTER 5

Surface Characterisation of

Waveguide layer
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This chapter describes techniques used to characterise the thin hydrogel waveguide film.
The function at its best, the waveguide layer should be smooth, of good optical quality
and sufficiently large high pore size to allow penetration and immobilisation of the
binding antibody and sample components of interest. The surface flatness and thickness
of the spin-coated chitosan layer were profiled by means of white light interferometry and
a Dektak surface profiler. The porosity of the waveguide layer was studied with confocal
microscopy. As will be discussed in the following section. In this chapter, the techniques

relevant to my research are described.

5.1 Surface Characterisation of a Leaky Waveguide Film

5.1.1 White Light Interferometer (WLI)

White light interferometry is a versatile measurement technology for examining surface
thickness with very high precision. The basic principle of this interferometer depends on
the wave superposition principle to combine waves in a way that will cause the results of
their combination to extract information from these simultaneous wavefronts. It is an
optical device that will split a beam of light coming from a broadband white light source
into two beams, the reference and measurement beams and then recombines them to
create bright and dark bands called fringes (similar to lines on a topographic map). The
reference beam is reflected by the reference mirror, whereas the measurement beam is
reflected or scattered from the sample surface®*. The returning beams are retransmitted
to the CCD image sensor by the beam splitter, and the interference pattern of the sample
surface topography is spatially sampled by the individual CCD pixels 1 as indicated in
fig.5.1.
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Figure 5.1: Schematic layout of white light interferometer microscope **.

The thickness of a thin chitosan film can be obtained from further measurement by
analysing the interference fringes of the film obtained from a White light interferometer
(WLI). Different concentrations of chitosan (0.5, 1, and 1.5%) were prepared in 10 mL
of 0.1 M of acetic acid stirred till totally dissolved as described in section 2.8: see Figure
5.2. As can be seen in table 5.1, increasing the chitosan concentration lead to an increase
in the viscosity of the solution. The thickness of a waveguide film is easily changed by

changing the viscosity of chitosan solution.

3.7mm

4.8 mm

Figure 5.2: Waveguide chitosan film thickness as measured by a White light interferometer
(WLI) for 1% of chitosan.
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Table 5.1: Thickness of different concentrations (0.5%, 1% and 1.5%) of chitosan thin film
using White Light Interferometer (WLI) (n=3).

0.5 119.7
1 663.9
1.5 1046.8

5.1.2 Dektak Profilometer

The Bruker Dektak XT profilometer can measure film thickness by sensing the deviation
of a flexible stylus which scans over features fluctuating in height between 1 mm and 5
nm. Thus, the surface roughness of the chitosan waveguide film can be measured on both
flat and curved surfaces. Accurate profile measurement required scanning across a
significant portion of the substrate centre (typically 70% or higher), and scans before and

after the deposition of chitosan should be represented the same portion of the substrate
136

The sensing mechanism depends on the moving of a diamond-tipped stylus across the
substrate surface according to user-programmed scan length, style force and speed
(fig.5.3). The stylus is connected to a linear variable differential transformer (LVDT) that
generates and processes electrical signals which correspond to the surface variations of
the sample. These surface variations are stored after being converted to a digital format

for display and analysis.
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Figure 5.3: overview of the sensing mechanism during data measurement by Dektak XT Bruker
profilometer **’

Data was provided by the Dektak XT of the flatness of different concentrations of the
chitosan film spin-coated onto glass substrate at different spin speeds in an experiment
performed as described in section 2.8. The surface characterization of 1% chitosan thin

film using this contact measurement technique is illustrated in fig.5.4.
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Figure 5.4: Surface characterization of 1% chitosan thin film spin coated onto a glass slide at
spin speed 200 rpm, using Dektak XT Bruker profilometer.
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Different concentrations of chitosan were coated onto the glass surface, and three slides
were prepared for each concentration to allow for reproducibility at different spin coating
speeds as indicated in table 5.2. to measure the flatness of the waveguide film for each
slide.

Table 5.2: Average measurements for different concentrations of chitosan thin film at different
in coating speeds (n=3).

[

920, 876, 864 886.66

500 665, 531, 560 585.33
900 101, 105, 97 101

1.5 300 554,597, 611 587.33
700 346, 341, 396 361
900 263, 232, 267 254
2 2800 210, 207, 207 208
3000 175, 168, 164 169

3500 152, 149, 154 151.66

The measurements in the above table are of the thickness of the film for each
concentration. Each measurement has been repeated three times, with different

thicknesses that are approximately close to each other.
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5.1.3 ImageJ Surface Characterization

The whole surface of glass slides of the chitosan thin film waveguide was scanned for
different concentrations of chitosan (1%, 1.5% and 2%). A thin film spin-coated at
different spin speeds, as indicated in fig.5.5, before waveguide run in terms of analysis
these data by using ImageJ software (figs.5.6, and 5.7).

1 cm

Figure 5.5: 1% chitosan thin film spin-coated onto a glass slide (before waveguide run), with
the yellow arrow indicating profiled region.
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Figure 5.6: Image J surface characterization of 1% chitosan thin film spin coated onto a glass
slide (before waveguide run).
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Figure 5.7: 1% chitosan thin film spin coated onto a glass slide (after waveguide run). Imprints
on slide indicate flow cell regions, with a yellow arrow indicating characterized region.
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Figure 5.8: Image J surface profiling of 1% chitosan thin film spin coated onto a glass slide
(after waveguide run).

A comparison was made of 1% waveguide chitosan thin film before and after waveguide
run. The surface characterization includes flow cell regions which come into close contact
with the chitosan thin film. Here, the values obtained through the blue channel are
compared to show the before and after differences of 1% chitosan film incubated in 100

mM of reactive blue 4 dye solution.

Here, figs.5.6 and 5.8 indicate a significant difference in intensity of blue channel values

within the flow cell regions. This also indicates removal of reactive blue 4 dye and the
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instability of the waveguide thin film during a waveguide run see figs.5.9 and 5.10 for
1.5% and 2% of chitosan thin film.
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Figure 5.9: Image J surface characterization of 1.5% chitosan thin film spin-coated onto a
glass slide, spin speed 500 rpm.
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Figure 5.10: Image J surface characterization of 2% chitosan thin film spin-coated onto a glass
slide, spin speed 2800 rpm.

172



5.1.4 Confocal Scanning Microscope

Measurement of the porosity of the waveguide thin film is a great benefit in the step of
immobilising biorecognition elements, in this research, anti-rabbit IgG as a model of the
antibody. Therefore, the confocal microscope was used: its key feature is that it is capable
of producing blur-free images of thick films at different depths. The excitation
wavelength for the fluorescence imaging was 488 nm, and emitted light was collected

above 500 nm 138,

Waveguide films were incubated in Fluorescein Isothiocyanate (FITC) for 15 min
followed by fluorescence and reflectance imaging. Images of the Chitosan film were
taken point-by-point and recomposed with a computer rather than observed through an
eyepiece 1% as indicated in Figure 5.11.

Confocal ;
Scanning Head Eu-:m,
microscope 5

Nosepiece Tuiet

Figure 5.11: Confocal scanning microscope

Under the confocal scanning microscope, the porosity and uniformity of chitosan
waveguide films were evaluated, and 1 % of chitosan waveguides prepared with different

drying times (1, 2, 3, 4 and 5 min), were compared with this and measured.

Porosity measurements indicated that the chitosan solution dispensed on the substrate
(glass slides) was thicker round the edges when they were coated at a spin speed of 900
rpm (range=2-50 pum) than in the centre of the substrate (range=2-10 um).The reflected

light confocal images showed a non-uniform structure in all the corner chitosan films
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examined as illustrated in fig.5.12. This is similar to the images in biofilms that had been

measured by WLI and Dektak profilometer previously.
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Figure 5.12: Confocal laser microscopic images of 1% chitosan films with different drying
times (1, 2, 3, 4 and 5 min) spin-coated at 900 rpm of various corners of the substrate. (a):
corner 1; (b): corner 2; (c): corner 3; (d): corner 4; and (e): middle. Chitosan films were

incubated with Fluorescein Isothiocyanate (FITC).
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5.2 Conclusion

All the techniques that have been used in this chapter to characterize the waveguide thin
film obtain high optical quality for different concentrations of chitosan thin film spin-
coated at different spin speeds to be available for the immobilization step. A white light
interferometer was used for examining the surface thickness of the spin-coated chitosan
layer. That indicated that increasing the chitosan concentration in the thin film led to an
increase in the viscosity of the solution. The thickness of the waveguide films is easily
changed by changing the viscosity of the chitosan solution. The thicknesses were

measured as indicated in table 5.1.

The Bruker Dektak XT profilometer 3D was also utilized to measure the thickness and
uniformity of the thin film by scanning over features fluctuating in height between 1 mm
to 5 nm. In seconds, the surface roughness of the chitosan waveguide film had been
measured on both flat and curved surfaces. Accurate profile measurement needs scans
across a more significant portion of the substrate centre (typically 70% or higher), and
the deposition of chitosan before and after should be represented the same portion of the
substrate. The measurement data was represented thickness for different concentrations
(0.5, 1, and 2%) of chitosan has been repeated three times these different values of
thickness. These experiments indicated removal of reactive blue 4 dye and the instability

of the waveguide thin film during a waveguide run.

Moreover, the waveguide chitosan thin film has been scanned to a whole surface of glass
slides for different concentrations of chitosan (1%, 1.5% and 2%) before and after
waveguide run. The values obtained through the blue channel are compared to show
before and after differences of 0.5, 1 and 2% of chitosan film incubated in 100 mM of
reactive blue 4 dye solution. This also indicates removal of reactive blue 4 dye and the

instability of the waveguide thin film during a waveguide run.

The Confocal Scanning Microscope has been of great benefit in the measurement of the
porosity of the chitosan waveguide film. Porosity measurements indicated that the
chitosan solution dispensed on the substrate (glass slides) was thicker round the edges at
spin coated 900 rpm (range=2-50 um) than in the centre of the substrate (range=2-10 um).
This means there is a difference in the porosity with different dry time and different
spotted for the same substrate.
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CHAPTER 6

Immobilisation of antibody

(Anti-rabbit 1gG)
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This chapter reports how the dye-doped leaky waveguide sensor was applied for
measuring small concentrations of the antibody anti-rabbit IgG into the porous layers
(chitosan thin film)&. This project includes creation of responsive hydrogel thin films
dyed by reactive blue 4 dye to visualise the confinement, and which causes a dip in the
reflectivity curve at a resonance angle, as well as measuring this film by an optical
waveguide. Different forms of immobilization chemistry will be used in this section in
order to modify the chitosan layer with biomolecules such as antibodies (anti-1gG)
through its entire volume to allow specific binding for immunoassays. The binding of
rabbit IgG to anti-rabbit IgG will be investigated as an initial example application. Such
binding events cause a change in refractive index within the waveguide layer and thus a
shift in the resonance angle (dip). This is used for quantification of the binding events

occurring in the waveguide layer.

6.1 Immobilization of anti-rabbit 1gG

A range of immobilisation chemistries were tried to immobilise the antibody in the
waveguide thin film, such as covalent binding, site-specific binding, biotin-streptavidin

interactions, intermediate proteins, and affinity tags.

6.1.1 Using EDC-Sulpho-NHS chemistry

Antibodies are specific proteins produced in the body to resist pathogenic invaders called
antigens, also referred to as immunoglobulins. Similar to all proteins, antibodies include
carboxylic acid and amino groups. They can divided into two main classes, 1gG and IgM

each has different roles and resists different pathogens.

The most prominent strategies are based on the covalent binding of antibodies, as this is
rapid, highly stable antibody-binding, leach-proof with high immobilisation density. The
heterobifunctional is used most widely of the covalent binding strategies for crosslinking
the carboxyl groups on the antibody to the free amino groups in the waveguide thin film
using EDC ((1-Ethyl-3-(3-dimethylaminopropyl), which is a carbodiimide along with
Sulpho-NHS to form an O-acylisourea ester 1%°. Subsequently amide bonds are formed
with the amino groups present in the chitosan film as indicated in Figure 6.1. Sulpho-
NHS is used to stabilize the intermediate in the crosslinking reaction.
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Figure 6.1: Schematic diagram indicating the mechanism to immobilize the antibody onto the
amine groups of the chitosan film on the glass surface by using EDC-Sulpho NHS strategy.

Immobilisation of polyclonal anti-rabbit 1gG antibody using different ratios of EDC-
Sulpho-NHS based crosslinking method ', Figure 6.2, shows the results of the first
experiment to investigate the binding of polyclonal anti-1gG onto the amine groups of the

waveguide layer as described in section 2.9.1
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Figure 6.2: Changes in the reflectivity dip angle over time using two different solutions
(HEPES buffer and anti-1gG without EDC-Sulpho-NHS) 0.01 uM for one hour, then anti-1gG
with EDC-Sulpho-NHS was pumped also for one hour). The surface initially incubated with
cross linker (3000 Dalton) and RB4 dye for 5 min.

NHS-PEG-NHS is a cross linker which is used to stabilize the waveguide thin film and

compare the results of the immobilization as shown in Figure 6.3 and Figure 6.4.
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Figure 6.3: Changes in the reflectivity dip angle over time using two different solutions
(HEPES buffer and Anti-rabbit 1gG 0.01 uM for one hour). The surface initially incubated
with dye for 5 min, without cross linker for thee boxes.
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Figure 6.4: Changes in the reflectivity dip angle over time using two different solutions (0.01
pM HEPES buffer and Anti-rabbit 1gG) for half an hour with EDC and Sulpho-NHS and
without it). The surface initially incubated with cross linker (3000 Dalton) and RB 4 dye for 5
min for 3 boxes.
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It is clear that there was a shift in the angle degree once Anti-Rabbit IgG solution (2.5*10°
M) with EDC-Sulpho-NHS was injected into the sensing area of the waveguide thin film
for one hour. The dip position did not return to a straight line with HEPES buffer pH7.4,
indicating the binding of the antibody into the chitosan waveguide film. Fig.6.2 indicates
when injection of the antibody without EDC-Sulpho-NHS there is still not showing any
binding for the antibody with the waveguide film there is no shift observed still straight
line.0.5% of BSA was used as blocking molecules for nonspecific binding after
immobilizing the polyclonal anti-lgG 10° M. Then detection rabbit polyclonal 1gG (10”7
M) was injected in order to ensure that the antibody was successfully immobilised into

the chitosan waveguide film (see fig.6.5).
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Figure 6.5: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer (pH 7.4) and polyclonal Anti-rabbit 1gG (0.01 uM) for one hour interacting with
detection antigen 0.1 uM), the surface initially incubated with dye for 5min for 3 boxes.

A complementary binding of the antibody (Anti-rabbit 1gG) with the detection antigen
(Rabbit 1gG) was prepared in HEPES buffer as described in section 2.9.1 which indicates
the immobilization process where the high shift was obtained with Anti-Rabbit 1gG
(2.5*10° M) followed by flushing with HEPES buffer pH7.4 to remove any unbounded
anti-1gG. Bovine serum albumin (BSA) 0.5% followed Anti-1gG as a blocking molecule
for nonspecific binding, then Rabbit IgG (10 M) was flushed to react with the antibody

as a complementary binding 142,
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According to Figure 6.5 it can be said that the antibody (Anti-1gG) was immobilized into
the chitosan waveguide film via reaction between the amine groups of the chitosan layer
and the carboxylic acid of the antibody, but there is no reaction between the polyclonal
antibody and antigen. That is very clear when the preparation was flushed with HEPES
buffer, after which the reflectivity dip angle goes down to a straight line. It was
hypothesized that is may be related to the antibody because it would be polyclonal (non-
specific) binding. Therefore, the next experiment t tested the use of monoclonal antibody.

6.1.1.1 Using ratio 1:4 of EDC-Sulpho-NHS 4

The amine groups in the chitosan waveguide layer can bind with the carboxyl group
through an activation process by using of EDC-Sulpho-NHS in the ratio 1:4. Figure 6.6
represents the immobilization of the anti-Rabbit 1gG conjugated with the carboxyl group
activated with EDC-Sulpho-NHS before being injected into the sensing area into the

waveguide layer.
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Figure 6.6: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, EDC-Sulpho NHS (1:4) and Anti-Rabbit monoclonal 1gG (107 M) for 2 hrs with
EDC-Sulpho NHS (1:4), 0.5% BSA as a blocking molecule and monoclonal rabbit 1gG (10
M); the surface initially incubated with the RB4 dye (100 uM) for 5 min.
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Figure 6.7: profile pictures captured by the camera of glass slide immobilised with EDC-ph
(1:4), then with the monoclonal Anti-rabbit 1gG (0.01 uM) for 2 hrs at pH7.4 a: with HEPES
buffer pH7.4; b: with EDC-Sulpho-NHS (1:4), and c: with Anti-rabbit 1gG activated by EDC
and Sulpho-NHS (1:4).

From fig.6.7, there is a clear shift with the EDC-Sulpho-NHS solution to a high degree in
angle and the dip was fully washed away when HEPES buffer was pumped fig 6.7c.
Therefore, different ratio of EDC-Sulpho-NHS were tried.

6.1.1.2 Using ratio 1:1 of EDC-Sulpho NHS 4
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Figure 6.8: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, EDC-Sulpho-NHS (1:1) and Anti-Rabbit monoclonal 1gG (0.01 pM) for 2 hrs
with EDC-Sulpho-NHS (1:1), 0.5% BSA as blocking molecule and monoclonal rabbit 1gG (0.1
UM); the surface initially incubated with RB4 dye (100 uM) for 5 min.
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Figure 6.9: profile pictures captured by the camera of glass slide immobilised with EDC-
Sulpho-NHS (1:1), then with the monoclonal Anti-rabbit 1gG (0.01 uM) for 2 hrs at pH7.4 a:
with HEPES buffer pH7.4; b: with EDC-Sulpho-NHS (1:1), c: with Anti-rabbit 1gG activated
by EDC-Sulpho-NHS (1:1), d: with 0.5% BSA, and e: with monoclonal rabbit 1gG (0.1 pM).

Fig. 6.8, indicates the immobilization process of the antibody by using EDC-Sulpho-NHS
(1:1), there is a clear shifting in the degree of the antibody was very little and although
the dip is not washed away but became lighter see fig.6.9, and the sensitivity of the
reaction between the antibody and the antigen was very low, therefore, this reaction will
be enhanced by using different ratio of EDC-Sulpho-NHS.
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6.1.1.3 Using ratio 4:1 of EDC-Sulpho NHS 4
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Figure 6.10: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, EDC-Sulpho-NHS (4:1) and Anti-Rabbit monoclonal 1gG (0.01 uM) for 2 hrs
with EDC-Sulpho-NHS (4:1), 0.5% BSA as blocking molecule and monoclonal rabbit 1gG (0.1
KUM). The surface was initially incubated with the RB 4 dye (100 uM) for 5 min.

Figure 6.11: profile pictures captured by the camera of glass slide immobilised with EDC-
Sulpho-NHS (4:1), then with the monoclonal Anti-rabbit 1gG (0.01 uM) for 2hrs at pH7.4 a:
with HEPES buffer pH7.4; b: with EDC-Sulpho-NHS (4:1); c: with Anti-rabbit 1gG activated
by EDC- Sulpho-NHS (4:1); d: with 0.5% BSA; and e: with the monoclonal rabbit 1gG (0.1

uM).
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The binding of the antibody (Anti-Rabbit 1gG) into the waveguide chitosan film was
enhanced. Fig.6.10, indicates that the shift in degree with the antibody activated by EDC-
Sulpho-NHS (4:1) can be clearly observed fig.6.11, and the sensitivity of the reaction of
the antibody with the antigen was better than when EDC-Sulpho-NHS used in ratios of
1:4 and 1:1. However, the next experiment focused on the optimisation of antibody
immobilization and enhancing of the sensitivity for the reaction between the antibody and
the antigen (Anti-Rabbit 1gG and Rabbit-1gG).

6.1.2 Optimization of antibody immobilization

6.1.2.1 Cross linker

Cross linking is the important factor influencing antibody immobilization. This is related
to the stability of the antibody, loading amount, and the sensitivity reaction of the
antibody with the antigen in the waveguide chitosan layer'®. 1 mM of N-
hydroxysuccinimide-polyethylene-glycol-N-hydroxysuccinimide prepared in 100 mM of
HEPES buffer, length 3000 Dalton, was used with 3 min of drying time.
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Figure 6.12: Changes in the reflectivity dip angle over time using two different solutions
(HEPES buffer and Anti-Rabbit monoclonal 1gG (0.01 pM) for 2 hrs with EDC-Sulpho-NHS
4:1), 0.5% BSA as blocking molecule and monoclonal rabbit 1gG (0.1 uM). The surface was
initially incubated with a cross linker (3000 Dalton) and (100 uM) RB 4 dye for 5 min.
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Figure 6.13 profile pictures captured by the camera of glass slide immobilised with monoclonal
Anti-rabbit 1gG (0.01 uM) for 2 hrs. a:HEPES buffer; b: Anti-rabbit 1gG activated by EDC-
Sulpho-NHS (4:1); and c: Rabbit -1gG.

As shown in Figs.6.12 and 6.13, when the antibody was immobilized into the waveguide
chitosan film by using a cross linker, the degree of shift from the baseline was about
0.3%,and the sensitivity of the reaction with anti-Rabbit IgG when the detection antibody
(rabbit-1gG) is pumped still does not show a high shift. Once HEPES buffer is flushed

through the sensing area into chitosan film, the shift in angle goes down to a straight line.

6.1.2.2 Without a cross linker

The experiment was repeated with the same procedure but without a cross linker in order

to study the effect of a cross linker on the antibody immobilization.
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Figure 6.14: Changes in the reflectivity dip angle over time using two different solutions
(HEPES buffer and Anti-Rabbit monoclonal 1gG (0.01 uM) for 2 hrs with EDC-Sulpho-NHS
4:1), 0.5% BSA as blocking molecule and monoclonal rabbit 1gG (0.1 uM). The surface was
initially incubated with RB4 dye (100 puM) for 5 min.
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Figure 6.15: profile pictures captured by the camera of glass slide immobilised with
monoclonal Anti-rabbit 1IgG and EDC-Sulpho-NHS (4:1) (0.01 uM) for 2 hrs. a: with HEPES
buffer; b: with monoclonal Anti-Rabbit 1gG activated by EDC-Sulpho-NHS (4:1) and c:
Monoclonal Rabbit I1gG.

Fig.6.14, shows the antibody immobilization process without using a cross linker.
Comparison with Figure 6.12, which represents the antibody immobilization with a cross
linker (NHS-PEG-NHS) shows that there is no difference between the two experiments
in the angle, which was approximately 0.3° and the sensitivity of the reaction Anti-IgG
and detection IgG still does not show any difference. When the sensing area was flushed
with HEPES buffer after the injection of detection IgG into the chitosan film, as described
in section 2.10.1, the shift in the degree of angle returned fully to the straight line. This
means there is no difference in antibody immobilization with a cross linker and without
a cross linker. Also, there is no difference in the results of the two experiments for the
binding between Anti-IgG and detection IgG.

6.1.2.3 Effect of pH

pH is an important parameter that has a significant role in the swelling and shrinking of
the waveguide chitosan film by the protonation and de-protonation of the amine groups
as explained in section 2.12.2. It has an effect also on the activity of EDC-Sulpho-NHS
because the activation reaction of EDC-Sulpho-NHS is most efficient at pH4.5-6.5. This
is because NHS esters have a half-life of more than 5 hrs, forming a more stable Sulpho-
NHS intermediate that reacts slowly with amines to form a stable amide bond with the
amino groups of the chitosan film 4. This decreases as indicated in fig.6.16, when the
buffer was flushed for only 10 min at pH8.5.
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Figure 6.16: Changes in the reflectivity dip angle over time using two different solutions
(HEPES buffer pH 6.4 and Anti-Rabbit monoclonal 1gG (0.01 uM) for 2 hrs with EDC-Sulpho-
NHS 4:1), 0.5% BSA as blocking molecule and monoclonal rabbit 1gG (0.1 uM). The surface
was initially incubated with RB4 dye (100 uM) for 5 min.

Figure 6.17: profile pictures captured by the camera of glass slide immobilised with
monoclonal Anti-rabbit 1gG (0.01 pM) and EDC-Sulpho-NHS (4:1) for 2 hrs at pH6.4. a: with
HEPES buffer pH6.4; b: with monoclonal Anti-rabbit 1gG activated by EDC and Sulpho-NHS
(4:1); and c: Monoclonal Rabbit-1gG.

As indicated in fig.6.17, the dip is mostly dissolved at pH6.4 and the degree of shift
decreases when flushed with the antibody (see fig.6.16). That’s due to the fact that at
lower pH (6.4) protonation of amino groups is taking place and to some extent, therefore,
the chitosan film will be dissolved, which affects the antibody immobilization and the
activity of EDC-Sulpho-NHS. That means the optimum pH value for the antibody
immobilization process using EDC-Sulpho-NHS (4:1) is 7.4.
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6.1.2.4 Optimise the concentration of detection 1gG

This experiment was performed in order to detect the reaction of the antibody with
detection IgG and its complementary reaction!*®. Different concentrations of monoclonal
Rabbit-1gG (10, 1019, 10°, 108 and 10”7 M) were prepared in HEPES buffer (pH7.4)
and injected using a peristaltic pump, to show the binding between Anti-1gG and detection
19G.
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Figure 6.18: Changes in the reflectivity dip angle over time using two different solutions
(HEPES buffer and Anti-Rabbit monoclonal 1gG (10 M) for 2 hrs with (4:1) EDC-Sulpho-
NHS), 0.5% BSA as blocking molecule and different concentrations of monoclonal rabbit 1gG
(10, 10", 10°, 10°® and 107 M). The surface was initially incubated with RB4 dye (100 pM)
for 5 min.

Figure 6.19: profile pictures captured by the camera of glass slide immobilised with
monoclonal Anti-rabbit 1gG (0.01 pM) for 2 hrs. a: with HEPES buffer; b: with Anti-rabbit
1gG activated by (4:1) EDC-Sulpho-NHS; and c: with Monoclonal Rabbit-1gG.
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Fig.6.18 and fig.6.19, are illustrate the antibody immobilization process where Anti-1gG
was prepared in HEPES buffer at pH7.4, was pumped to the sensing area in the waveguide
chitosan film for 2 hrs until a straight line was obtained. The shift is clearly observable
with Anti-1gG, followed by HEPES buffer pH7.4 that shifted the dip position to a few
degrees lower. To detect the binding of the antibody with the antigen different
concentrations of detection 1gG were flushed until only 107 M was detected as lower

concentration.

6.1.3 Enhancement of the interaction sensitivity

6.1.3.1 Increasing interaction time for anti-1gG with detection IgG

The binding of Anti-Rabbit 1gG into the waveguide chitosan layer to enhance the
interaction sensitivity of Anti-IgG with detection-1gG can be improved by increasing the

time of incubation between the antibody and the amino groups of the chitosan film.
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Figure 6.20: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, monoclonal Anti-Rabbit 1gG (0.01 pM) overnight with EDC-Sulpho-NHS (4:1),
0.5% BSA as blocking molecule and monoclonal Rabbit-1gG (0.1 uM) for 4 hrs. The surface
was initially incubated with RB4 dye (100 uM) for 5 min.
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Figure 6.21: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4and monoclonal Anti-Rabbit 1gG (0.01 uM) with EDC-Sulpho-NHS (4:1) for 2
hrs 0.5% BSA as blocking molecule and monoclonal rabbit 1gG (0.1 uM) overnight. The
surface was initially incubated with RB4 dye (100 uM) for 5 min.

Figs.6.20, and 6.21, were shown the reflectivity curves of the incubation of the waveguide
chitosan film with Anti-IgG for a longer time (overnight). They demonstrate the stability
and amount of the antibody into the chitosan film to enhance the interaction sensitivity
for Anti-lgG with detection 1gG. The shift can clearly be observed: the degree of shift
around 0.3° for the immobilization of Anti-IgG into the waveguide layer, followed by
HEPES buffer which did not fully return to the straight line. However, in the previous
experiment, the shift of degree for immobilization of the Antibody was about 0.2° for 2
hrs, while nothing changed for the interaction sensitivity between Anti-IgG and detection
IgG. The shift in the dip position is due to a different refractive index for detection 1gG.
On the other hand, as also shown in Figure 6.21, when detection 1gG was incubated with
the antibody overnight to increase the reaction for the antibody with the antigen the same

results were achieved.
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6.1.3.2 Increasing incubation time of blocking molecules

Anti-1gG (0.01 uM) was immobilized overnight and BSA (0.5%) was used as blocking
molecule for nonspecific binding longer time for 2 hrs until a baseline was obtained for
the binding of the antibody with the antigen*®. This was followed by detection IgG (0.1

M) being pumped through the sensing area for 2 hrs., again until a base line was obtained.
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Figure 6.22: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, EDC-Sulpho-NHS (4:1) and Anti-Rabbit monoclonal 1gG (0.01 uM) overnight
with EDC-Sulpho-NHS (4:1), blocking with 0.5% BSA for 2 hrs and monoclonal rabbit 1gG
(0.1 pM) for 2 hrs. The surface was initially incubated with RB4 dye (100 uM) for 5 min.
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The purpose of this experiment was to incubate Anti-IgG with blocking molecules for a
longer time see fig.6.22, to enhance the interaction of Anti-lgG with detection 1gG. The
antibody was pumped overnight (about 16 h.). Followed by HEPES buffer, and then BSA
was injected for 2 hrs. This clearly occurred, there is no reaction between the antibody

and the antigen.
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6.1.3.3 Reducing the flow-rate

The stability of antibody immobilization depends on the density of the antibody in the
waveguide layer. This will improve the interaction of the antibody with the detection
antibody. That requires immobilizing of the antibody to remain attached to the waveguide
chitosan film for much longer. Therefore, in this experiment the flow-rate of the solution

pumping was reduced to 0.118 mL min™
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Figure 6.23: Changing in the reflectivity dip angle versus time using different solutions
(HEPES buffer pH 7.4, EDC-Sulpho NHS (4:1) and Anti-Rabbit monoclonal 1gG (0.01 uM)
for 3 hrs with EDC-Sulpho-NHS (4:1), 0.5% BSA as a block molecule and monoclonal rabbit
19G (0.1 uM) overnight. The surface was initially incubated with RB4 dye (100 pM) for 5 min.
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That’s a clear shift from Anti-IgG to the higher degree in angle around 0.2°which was
incubated with the amino groups of the waveguide film overnight as indicated in fig.6.23.
However, as in the previous experiments, there is no reaction when is flushed detection

IgG and the shift in angle goes down to the straight line.
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6.1.3.4 Flowing effect

Antibody flow has a significant effect on the immobilization of Anti-lgG in the
waveguide chitosan film. This experiment incubated the antibody with the amino groups
of chitosan film for longer. The aim was to track the shift in the angle degree when
pumping the antibody, then when the pump was stopped, in order to study the effect of

flowing on the antibody immobilization.
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Figure 6.24: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer (pH 7.4), EDC-Sulpho-NHS (4:1) and Anti-Rabbit monoclonal 1gG (0.01 yuM) injected
for (10 min) then paused for one hour, repeated three times, after which the antibody was left
overnight. The preparation was activated with EDC-Sulpho-NHS (4:1), blocking with 0.5%
BSA for 2 hrs. Monoclonal rabbit 1gG (0.1 uM) was flushed for 2hrs. The surface was initially
incubated with RB4 dye (100 uM) for 5 min.

Immobilisation Anti-Rabbit 1gG (0.01 uM) was injected for 10 min, paused for one hour,
then injected for 10 min and paused again for one hour. This was repeated three times,
then the Anti-1gG was left overnight. After that BSA (0.5%) was injected as blocking
molecules for 2 hrs., then Rabbit 1gG (0.1 uM) was reacted and left for 2 hrs. till the
baseline was achieved. It can be clearly observed that the shift in the angle degree was
enhanced approximately 0.7° for the immobilization of Anti-IgG, but nothing changed
for the interaction between Anti-1gG and detection IgG as shown in fig.6.24.
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6.1.3.5 lonic strength of HEPES buffer

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) is a common buffering
chemical and is classified as a "Good’s buffer". The purpose of the addition of NaCl 100
mM, 150 mM, 200 mM and 250 mM into 0.1M HEPES buffer pH 7.4 is to neutralize the
acidic and basic group that already in the chemical structure of HEPES buffer because
HEPES buffer is zwitterionic organic chemical buffering agent (molecules has two or
more function groups one acidic and other basic) to pH 7.4. This is to investigate if the
sensitivity of the reactions can be increased.
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Figure 6.25: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, EDC-Sulpho-NHS (4:1)/salt NaCl (100 mM) and Anti-Rabbit monoclonal 1gG
(0.01 pM) for 3 hrs activated with EDC-Sulpho-NHS (4:1), blocked by 0.5% BSA molecules
and monoclonal rabbit 1gG (0.1 uM) was flushed overnight. The surface was initially incubated
with RB4 dye (100 pM) for 5 min.
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Figure 6.26: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, EDC-Sulpho NHS (4:1)/salt NaCl (150 mM) and Anti-Rabbit monoclonal 1gG
(0.01 uM) for 3 hrs activated with EDC-Sulpho-NHS (4:1), blocked by 0.5% BSA molecules
and monoclonal rabbit 1gG (0.1 pM) was flushed overnight. The surface was initially incubated
with RB4 dye (100 pM) for 5 min.
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Figure 6.27: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, EDC-Sulpho-NHS (4:1)/ NaCl salt (200 mM) and Anti-Rabbit monoclonal 1gG
(0.01 pM) for 3 hrs activated with EDC-Sulpho-NHS (4:1), blocked by 0.5% BSA molecules
and monoclonal rabbit 1gG (0.1 uM) was flushed overnight. The surface was initially incubated
with RB4 dye (100 uM) for 5 min.
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Figure 6.28: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, EDC-Sulpho-NHS (4:1)/ NaCl salt 100 mM and Anti-Rabbit monoclonal 1gG
(0.01 pM) for 3 hrs activated with EDC-Sulpho-NHS (4:1), blocked by 0.5% BSA molecules
and monoclonal rabbit 1gG (0.1 uM) was flushed overnight. The surface was initially incubated
with RB4 dye (100 uM) for 5 min.

Figs.6.25, 6.26, 6.27, and fig.6.28, indicate that the immobilization of antibody has a high
degree of shift s and the immobilized antibody is not washed away. The dip is also stable
and is not washed away. The addition of NaCl solution to neutralize 0.1 M HEPES buffer
low increasing in the shifting of the antibody solution when passed through the peristaltic
pump®®. However, the antibody and antigen interaction has low sensitivity and limited
interaction, which can be observed from the low shift during the antibody and antigen

interaction. Here, the result obtained indicates no change from the previous experiments.
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6.1.4 Investigation of the antibody immobilization

A wide range of detection methods were used to characterize and quantify bio-recognition
elements for a biomolecular process, such as Fluorescence microscopy, Confocal
Microscope, etc.

6.1.4.1 Fluorescence Microscopy

The fluorescence detection method was chosen to detect Rabbit-1gG. That is preferred for
the detection of biorecognition elements because of its high safety, sensitivity and relative
ease of wuse and for an increasingly large selection (in biocompatibility,
physiochemical/structural properties) of labelling agents involving green fluorescence
protein, fluorophores, metal cages, photochromic proteins, semiconductor quantum dots,

and others. The experiment has been carried out as explained in section 2.12.1.

6.1.4.1.1 Fluorescence Microscopy at a flow-rate of 0.25 mL min-!
A. without HEPES buffer

The antibody immobilization process has been carried out™ using a leaky waveguide
sensor to detect the binding of Anti-lIgG into the waveguide chitosan layer which was
flushed at a flow-rate of 0.25 mL.min* with HEPES buffer pH 7.4 until a straight line was
achieved to study the effect of flow-rate and HEPES buffer on the antibody

immobilization.

Figure 6.29: Fluorescence Microscopy of (a, b, ¢, d and e) immobilisation Anti-Rabbit 1gG-
FITC into the chitosan layer at a flow rate of 0.25 mL min™ using purpose-built apparatus, and
(f, g) chitosan layer tag FITC-labelled goat anti-rabbit 1gG as a control.
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B. with HEPES buffer

Figure 6.30: The images show Fluorescence Microscopy using purpose-built apparatus of (a,
b, ¢, d and e) immobilisation of Anti-Rabbit IgG-FITC into the chitosan layer at a flow rate of
250 pL.min™, then washed with HEPES buffer; (f and g) chitosan layer tag FITC-labelled
goat anti-rabbit 1gG as a control.

The fluorescence microscopy images in fig.6.29 and fig.6.30, show the results of the
immobilisation of Anti-Rabbit 1gG overnight at a flow rate of 0.25 mL min? using
purpose-built apparatus. The chitosan layer was, in a first run of the experiment, not
washed with HEPES buffer, and in the second, washed with HEPES buffer,

demonstrating the effect of HEPES buffer on immaobilisation into the waveguide layer.

6.1.4.1.2 Fluorescence Microscopy at flow-rate 0.118 mL min!
A. without HEPES buffer

The binding of the antibody to the amino groups of the waveguide layer was performed,
reducing the flow-rate of the peristaltic pump that was used in the immobilization of Anti-
IgG into the waveguide chitosan layer to 0.118 mL min™. Detection of the antibody

immobilization was fluorescence microscope.
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Figure 6.31: Fluorescence Microscopy of (a, b, ¢, d and e) immobilisation Anti-Rabbit 1gG-
FITC into the chitosan layer at a flow rate of 0.118 mL min™ using purpose-built apparatus,
and (f and g) chitosan layer tag FITC-labelled goat anti-rabbit 1gG as a control.

Figure 6.32: Fluorescence Microscopy of (a, b, ¢, d and e) immobilisation Anti-Rabbit 1gG-
FITC into the chitosan layer at a flow rate of 0.118 mL min™ then washed with HEPES buffer
by using purpose-built apparatus, (f and g) chitosan layer tag FITC-labelled goat anti-rabbit
1gG as control.

B. with HEPES buffer
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As indicated in the fluorescence microscopy images figs.6.31, and fig.6.32 show the
results of the immobilisation of Anti-IgG overnight at a flow rate of 0.118 mL min* using
purpose-built apparatus, first when it was not washed with HEPES buffer, and then with
HEPES buffer, demonstrating the effect of HEPES buffer on immobilisation into the

waveguide layer at different flow rates.

6.1.4.2 Confocal Microscope

An investigation of the immobilization of Anti-Rabbit 1gG was carried out using a
Confocal Microscope see fig.6.33. Three coverslips were spin coated with 1% chitosan
film at 900 rpm, with 3 min drying time, and incubated overnight with HEPES buffer
pH7.4, after that incubated with Anti-IgG-FITC overnight and left in the fridge overnight
(more than 12 hr.).

Figure 6.33: Confocal Microscope of (a): immobilisation Anti-Rabbit IgG-FITC into the
chitosan layer left it in the fridge overnight, not washed with HEPES buffer; (b):
immobilisation Anti-Rabbit 1gG-FITC into the chitosan layer, left in the fridge overnight, and
washed with HEPES buffer; and (c) Chitosan layer tag FITC as a control.

The immobilization of Anti-1gG into the chitosan film was carried out without injecting
the antibody by using a leaky waveguide sensor to investigate the binding of the antibody,
study the effect of pumping on the immobilization process and the temperature. Therefore,
the coverslips of 1% chitosan were left in the fridge overnight. In the green spots indicate
the binding of Anti-IgG into the waveguide chitosan layer, and the coverslip was not
washed with HEPES buffer; while b shows the chitosan film washed with HEPES buffer.
That shows the effect of the pumping on the antibody immobilization into the waveguide

chitosan layer.
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6.1.4.3 Dye-doped leaky waveguide sensor (DDLW)

Immobilisation Anti-Rabbit IgG (0.01 uM) was carried out using a flow cell. Two
channels were injected with the same solution .Anti-Rabbit 1gG was injected through one
channel to compare the immobilisation of the antibody on the same slide. Then it was left
overnight, injected with BSA (0.5%) as blocking molecule for longer than 2 hrs. Then it
was reacted with 0.1 uM Rabbit IgG and left for 2 hrs until it achieved the baseline.
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Figure 6.34: a- Changes in the reflectivity dip angle over time using different solutions in one
channel (HEPES buffer pH 7.4, Anti-Rabbit monoclonal 1gG (0.01 pM) injected overnight
activated with EDC-Sulpho-NHS (4:1), blocked by 0.5% BSA molecule for 2 hrs and
monoclonal rabbit 1gG (0.1 uM) was flushed for 2 hrs until the baseline wasreached);.While
the second channel was flushed all solutions that were pumped in the first channel instead of
Anti-rabbit monoclonal 1gG. The surface was initially incubated with RB4 dye (100 uM) for 5
min; b: Inverse of graph a.

Shows the binding of Anti-1gG into the chitosan layer by leaky waveguide sensor, carried
out by injection into the first channel of different solutions: HEPES buffer, Anti-lgG
activated with EDC-Sulpho-NHS, 0.5%BSA, then reacted with IgG; while in the second
channel whole solutions that were flushed in the first channel instead of the antibody
(Anti-1gG) to investigate the binding of the antibody into the waveguide chitosan layer.
Fig.6.34 b, indicates reverse of fig.6.34a after elimination from the first channel of data
from the second channel. That clearly shows that there is no binding of the antibody with

the amino groups of chitosan film.
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6.1.5 Immobilization of the Antibody by a Crosslinker (Glutaraldehyde)

The crosslinking of the antibody with the amino groups of the waveguide layer should
start by selecting a crosslinker for optimal reaction with the proteins. There are different
features should be taken into account when choosing a crosslinker, like membrane
permeability, solubility, and reversibility. Also, maintenance of the original structure of
the protein should be capable of being conducted under natural conditions of temperature
and pH. Some homobifunctional reagents, such as DMA, DMS, phenols, DTBP and
glutaraldehyde, work very well with chitosan’s amines to make them more chemically

resistant and physically harder.

Covalent glutaraldehyde crosslinking has been used in many circumstances for the
reaction of amino groups of chitosan with glutaraldehyde to detect their presence in the
solution (organic or inorganic compound, complex or simple). To explain this behaviour,
three recognizable structures are proposed: (a) one aldehyde group of glutaraldehyde
reacts to form only one Schiff base, while other aldehyde groups remain free for a
subsequent reaction; (b) Two chitosan units will react with one aldehyde group to form
two Schiff bases including both aldehyde groups of the glutaraldehyde molecule; (c)
amino groups will crosslink with more than one glutaraldehyde molecule and form a

greater crosslinking chain through polymerization of glutaraldehyde®?.

In general, the best method to improve attaching the antibody to chitosan’s amines is
covalent bonding using glutaraldehyde crosslinking. The glutaraldehyde molecule has
aldehyde groups on both sides which bind covalently to chitosan’s amines; an imine bond
is formed immediately as shown in fig.6.35. The resonance of the adjacent ethylenic
double bond will be stabilized by the imine bond. Thus, a strong link will be established

between the waveguide chitosan film and the antibody.
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Figure 6.35: The mechanism of reaction crosslinking of chitosan with glutaraldehyde®®
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The waveguide chitosan film is modified with Anti-IgG using glutaraldehyde
crosslinking, to enhance attaching chitosan’s amines with the antibody by covalent
bonding. The functional groups of the antibody (carboxyl group) which can be linked to
chitosan’s amines by using different concentrations of a linker are described in section
2.13
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Figure 6.36: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, Anti-Rabbit monoclonal 1gG (0.01 pM) activated with EDC-Sulpho-NHS (4:1)
until the baseline was reached, blocked by 0.5% BSA molecules for 30 min,; after that reacted
with monoclonal rabbit 1gG 0.1 uM for 2 hrs. The surface was initially incubated with RB4 dye
(100 uM) for 5 min by using glutaraldehyde as a crosslinker of chitosan’s amines; (a) 0.3% of
glutaraldehyde (b) 0.6% of glutaraldehyde (c) 1% of glutaraldehyde.
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This experiment was carried out using different concentrations of glutaraldehyde as
shown in fig.6.36a, b, and c, to produce a more chemically resistant and physically harder
waveguide film, with the improved method for attaching the antibody to chitosan’s
amines by crosslinking. Shows a high shift in the degree for Anti-IgG when cross-linked
by 0.3% of glutaraldehyde; by comparison with around 0.2° in b and c. As illustrated in
the shift in degree was approximately 0.1° and 0.15° respectively. This clearly shows the
difference in antibody immobilization using different concentrations of glutaraldehyde,

but there is no change in the interaction sensitivity of detection IgG.

1.2

B Concentration (%)

1+ = Shift in angle

o
o)
T

Shift in angle / degrees
o o
- [0}

o
M
T

Exp.1 Exp.2 Exp.3
Experiment No.

Figure 6.37: The differences between the concentrations of glutaraldehyde with the shift in the
angle.

As observed in fig.6.37, there is no reaction between Anti-IgG and detection IgG. That
is because in immobilization in this manner, random (non-specific) attachment of the
antibody to chitosan waveguide layer can reduce antibody stability and lead to
minimizing the interaction between Anti-IgG and detection 1gG. Therefore, the next

experiments focus on oriented (site-specific) Anti-IgG immobilization methodology.
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6.1.6 Immobilization of the Antibody by the Biotin-Streptavidin System

The biotin-streptavidin system is a more specific methodology to study the attachment
immobilization of Anti-1gG t with the uniform orientation of the antibody to the chitosan
waveguide where the bioactive site (carboxyl group) is freely available to react with
detection 1gG see fig.6.38. This will increase the biological activity of the antibody and
the interaction sensitivity for Anti-IgG with IgG.

On the other hand, non-covalent immobilization of the antibody includes relatively weak
and reversible interactions. This will lead to leaching of the antibody from the chitosan
waveguide layer when the buffer is flushed to remove unbound molecules. However, this
experiment has been performed by streptavidin’s reaction with the waveguide layer, with
biotinylated Anti-IgG as described in section 2.14. The binding between streptavidin and
biotin has long been regarded as, the strongest and most rapid noncovalent interaction
known 13, Therefore it’s used in various biological applications as mentioned previously

in section 1.13.
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Figure 6.38: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, Streptavidin 1.0 uM and biotinylated Anti-Rabbit monoclonal 1gG 0.01 uM)
until the baseline was reached, blocked by 0.5% BSA molecules for 30 min, and then reacted

with monoclonal rabbit 1gG 0.1 uM for 2 hrs. The surface was initially incubated with RB4 dye
0.1 uM for 5min.
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Figure 6.39: Pictures captured by the camera to a glass slide with a flow cell, one channel of
which was a: HEPES buffer, b: Streptavidin (1.0 uM), c: Anti-1gG 0.001 uM, d: BSA (0.5%)
ande: 1gG 0.1 uM.
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Figure 6.40: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, Streptavidin 1.0 uM and biotinylated Anti-Rabbit monoclonal 1gG 0.001 pM)
until the baseline was reached, blocked by 0.5% BSA molecules for 30 min, and then reacted
with monoclonal rabbit 1gG 0.1 uM for 2 hrs. The surface was initially incubated with RB4 dye
0.1 uM for 5 min.
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Figs.6.39, and 6.40, indicate the immobilization of biotinylated antibody using different
(low and high) concentrations of streptavidin (1 uM and 22 uM) reacted with the chitosan
waveguide film to increase the specific attachment of Anti-IgG. However, it can clearly
be seen that there is no reaction between streptavidin and the amine groups of the chitosan
waveguide layer. Therefore, the immobilization of biotinylated Anti-IgG with
streptavidin requires a linker (Glutaraldenyde) between the chitosan layer and the
streptavidin indicates a high shift in the degree (0.3%) for Anti-IgG when linked by of
glutaraldehyde, around 0.2° more than with 0.6% and 1% of glutaraldehyde.

The next experiment involved linking chitosan waveguide film by 0.3% of glutaraldehyde
with 1% of chitosan to immobilize biotinylated Anti-IgG 0.001 uM by using different

concentrations of streptavidin (1 uM and 22 uM) as described in section 2.14
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Figure 6.41: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, 0.3% of glutaraldehyde as linker for the waveguide layer, Streptavidin 1.0 pM,
biotinylated Anti-Rabbit monoclonal 1gG 0.001 pM) until the baseline was reached, 0.5% BSA
as blocking molecules for 30 min, reacted with monoclonal rabbit 1gG (0.1 puM) for 2 hrs. The
surface was initially incubated with RB4 dye (0.1 pM) for 5 min.
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Figure 6.42: Changing in the reflectivity dip angle versus time using different solutions
HEPES buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin
22 uM, biotinylated Anti-Rabbit monoclonal 1gG 0.001 uM till get baseline, 0.5% BSA as
blocking molecules for 30 min, reacted with monoclonal rabbit IgG (0.1 uM) for 2 hrs. The
surface initially incubated with the RB4 dye (0.1 pM) for 5 min.

Immobilization of the antibody by linking the chitosan with 0.3% of glutaraldehyde has
shown remarkable results. See figs.6.41, and 6.42, which illustrate immobilizing of
biotinylated Anti-1gG with 22 uM of streptavidin, whereas, there was no reaction between
the antibody and detection antibody (IgG), as in the previous results with EDC-Sulpho-
NHS alone, glutaraldehyde and streptavidin alone. However, biotinylated Anti-IgG with
22 UM of streptavidin by linking of the waveguide layer with 0.3% of glutaraldehyde is
needed to optimise the attachment time, streptavidin concentration, etc.

6.1.6.1 Optimizing attachment time

The immobilization of the antibody by the biotin-streptavidin system through
crosslinking with the chitosan waveguide film has been done to orient (site-specific) Anti-
IgG immobilization and increase the antibody stability, which will lead to the maximising
of the interaction between Anti-1gG and detection 1gG. This experiment was performed
to enhance the sensitivity of detection of the interaction 1gG through increasing
attachment time for 1gG and leaving it overnight to interact with biotinylated Anti-1gG
0.001 pM.
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Figure 6.43: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, 0.3% of glutaraldehyde as linker for the waveguide layer, Streptavidin 22 UM,
biotinylated Anti-Rabbit monoclonal 1gG 0.001 uM) until a baseline was reached; after that
reacted with monoclonal rabbit 1gG 0.1 uM overnight. The surface was initially incubated with
RB 4 dye (0.1 uM) for 5 min.

As shown in fig.6.43, the interaction of biotinylated Anti-1gG with detection 1gG has been
increased with increasing the attachment time. When HEPES buffer was pumped after
detection IgG is not gone down to the straight line, that’s due to the orientation and
stability of the antibody into chitosan waveguide layer by using the biotin-streptavidin

system and crosslinking of chitosan layer by 0.3% of glutaraldehyde.

6.1.6.2 Optimizing Streptavidin concentration

Different concentrations (1, 22, 62, and 83 uM) of streptavidin were used to investigate
its reaction with biotinylated Anti-1gG, using 0.5% of bovine serum albumin (BSA) as a
blocking molecule. This is a most popular agent as it binds to all the unoccupied sites in
the chitosan waveguide film. This means that when biotinylated Anti-IgG is added to
streptavidin in the waveguide layer there are unoccupied sites into the waveguide film to
which it can attach other than to the binding sites of biotinylated Anti-1gG, thus increasing

the possible interaction between Anti-1gG and detection IgG.
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Figure 6.44: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, 0.3% of glutaraldehyde as linker for the waveguide layer, Streptavidin 1 uM),
blocked by 0.5% of BSA. The surface was initially incubated with RB4 dye (0.1 pM) for 5 min.
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Figure 6.45: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, 0.3% of glutaraldehyde as linker for the waveguide layer, Streptavidin 22 pM),
blocked by 0.5% of BSA. The surface was initially incubated with RB4 dye (0.1 uM) for 5 min.

214



1.6

0.5%

1.4 BSA

HEPES

Streptavidin 62 M
HEPES

Glutaraldehyde
0.3%

HEPES

Shift in angle / degrees

o
—
Mo

3
time / h.

Figure 6.46: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, 0.3% of glutaraldehyde as linker for the waveguide layer, Streptavidin 62 puM),
blocked by 0.5% of BSA. The surface was initially incubated with RB4 dye (0.1 pM) for 5 min.
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Figure 6.47: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, 0.3% of glutaraldehyde as linker for the waveguide layer, Streptavidin 83 pM),
blocked by 0.5% of BSA. The surface was initially incubated with RB4 dye (0.1 uM) for 5 min.
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Different concentrations of streptavidin were pumped into the chitosan waveguide film
to investigate the interaction between glutaraldehyde and streptavidin through the
injection of blocking molecules as indicated in and the shift in angle was clearly observed
about 0.55° when 1 puM of streptavidin was flushed to interact with 0.3% of
glutaraldehyde fig.6.44, compared with the results fig.6.45, when 22 uM of streptavidin,
ig.6.46, when flushed 63 pM of streptavidin, and 83 pM of streptavidin was flushed as
shown in fig.6.47. That means the shift in angle decreased when streptavidin
concentrations increased, as shown in, which summarizes Figs.6.44, 45, 46, and 47 in
fig.6.48, and indicates the relation between streptavidin concentrations and the shift in

the angle of blocking molecules BSA.

J 1 1.

22 uM 62 uM 83 uM

0.8

Shift in angle / degrees of BSA

Streptavldln Concentration/uM

Figure 6.48: The differences between streptavidin concentrations and the shift in the angle of
blocking molecules BSA.

Fig.6.49, shows the whole immobilization process carried out by using 0.3% of
glutaraldehyde as a linker which interacts with streptavidin 83uM and immobilized
biotinylated Anti-1gG 0.001 uM After that the chitosan waveguide film was blocked with
0.5% of BSA. At the end, detection IgG was injected to react with Anti-IgG and left

overnight.
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Figure 6.49: Changes in the reflectivity dip angle over time using different solutions (HEPES
buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin 83 uM),
blocked by 0.5% of BSA. The surface was initially incubated with RB4 dye (0.1 pM) for 5 min.
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6.2 Verify the binding of streptavidin and biotin

The experiment was performed to verify the binding between streptavidin and biotin by
using BSA and biotinylated BSA. BSA should not bind to the streptavidin while
biotinylated BSA should do as it is conjugated with biotin. Upon obtained a shift in the
dip position with 0.5% of biotinylated BSA that would indicate the reaction between

streptavidin 83 uM and biotin as shown in fig.6.50.
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Figure 6.50: Changing in the reflectivity dip angle versus time using different solutions
HEPES buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin
83 uM, blocked by 0.5% of BSA. Then Biotinylated-BSA. The surface initially incubated with
the RB4 dye (0.1 pM) for 5min.

Immobilization of BSA and Biotinylated-BSA fig.6.50, indicated that the binding
between streptavidin-biotin when using concentration of streptavidin 83 uM and 0.5%
concentration of blocking molecules BSA.
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6.3 Increase an Interaction Time of the Antibody -Antigen

This experiment is done to let the biotinylated antibody to react with streptavidin for an
overnight as this would lead to more binding of antibody to the chitosan surface. As
indicated in fig.6.51. When left the biotinylated antibody to react with streptavidin for an
overnight as this was led to more binding of antibody to the chitosan surface.
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O ] 2.5"10-* M overnight overnight
E ] Streptavidin F HEPES
T 83 uM HEPES
@ ]
T ]
.';" 0.8 E GA HEPES
En : 0.3%
c 061
g 1/
& 04 .
= 1
v 1
0.2 1
{ HEPES
D T 1 T 1 I T T T T T T T T T T T T T T T T 1 I I I | I T 1 1T
0 5 10 15 20 25 30
time / h.

Figure 6.51: Changing in the reflectivity dip angle versus time using different solutions
HEPES buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin
83 uM, blocked by 0.5% of BSA. Biotinylated anti-1gG 2.5*10° M was injected for 2 h, and 1gG
107 M was injected overnight. The surface initially incubated with the RB4 dye (0.1 uM) for 5
min.

Immobilization of Biotinylated-Anti-1gG 2.5*10° M was injected overnight and 1gG 10-
"M was injected also overnight when put HEPES buffer still goes up after overnight, this
means the reaction sensitivity between antibody-antigen was increased via applying
streptavidin-biotin reaction. According to the results, the binding of rabbit-1gG and the

immobilised anti-rabbit IgG was studied and has been developed.
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6.4 Conclusion

In this chapter the binding of rabbit IgG to anti-rabbit 1gG using different immobilization
methodologies has been described. Firstly, EDC-Sulpho-NHS was utilized to crosslink
anti-lgG antibody into the chitosan waveguide layer at pH 7.4. The mechanism of this
immobilization depends on the activation of a carboxyl group which is conjugated to the
antibody by using a different ratio, 1:4, 1:1 or 4:1, of EDC-Sulpho-NHS. It was found
that EDC-Sulpho-NHS based crosslinking of anti-lgG has lower attaching efficiencies,
which is contrary to the literature stating'#! that the binding efficiencies were enhanced
when EDC-Sulpho-NHS was used. That may be due to the molecular interactions
between EDC and Sulpho-NHS, which might be interfering with the binding of EDC-
Sulpho-NHS activated Anti-lgG to the amino groups of chitosan waveguide layer.
Secondly, glutaraldehyde as a bifunctional cross-linker was used to cross-link anti-lgG
by forming a Schiff base, and used as a linker to the amines of chitosan when an imine
bond is formed immediately. Thus, a strong link between the chitosan waveguide film
and the antibody will be established. But as indicated in the results, there is high reactivity
of glutaraldehyde toward chitosan’s amine but no interaction for Anti-IgG with detection
IgG. That may be due to the orientation of the antibody, which means that the aldehyde
group of glutaraldehyde reacted with the amino groups of the antibody and affected the
orientation of the antibody. Lastly, the biotin-streptavidin system was used to immobilize
the antibody. Streptavidin was bound to the amine groups within the chitosan layer using
glutaraldehyde. Then biotinylated anti-rabbit IgG was immobilised by binding between
streptavidin and biotin. Finally, the binding of rabbit-1gG and the immobilised anti-rabbit
IgG was studied. Once the immobilisation chemistry has been developed, it is intended
that the waveguide system should be used to study the release of tissue factor (TF) from
pancreatic cells in real time, and that its results will be compared to those of the
conventional microwell-based ELISA system. These label-free biosensors have potential

for continuous measurement for healthcare monitoring.
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CHAPTER 7

Quantification of Tissue Factor (I11)
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Tissue factor (TF) is well known to be a principal initiator of the external pathway of
coagulation, with a concentration around 100-150 pg mL™* of TF in a healthy person in
the blood,; it is a trans-membranous 47 kDa glycoprotein which contains 263 amino acids
It is also known as full-length TF (fITF) factor (111) and CD142. The high expression
of TF in primary pancreatic cells is thought to be related to one of the underlying
mechanisms giving rise to the hyper-coagulable state associated with this malignancy 2.
Moreover, there is a relationship between high expression of TF with other types of
malignancy such as colorectal cancer and non-small cell lung carcinoma. Researchers in
these fields propose that the aggressive path of cell invasion and thrombosis is correlated
with high expression of TF from pancreatic cell lines. The main purpose of the current
study was to retrieve tissue factor sample (supernatant), perform ELISA to quantify its
TF and compare this data with an assay performed on the waveguide layer. Two types of
pancreatic cell lines, Miapaca-2 and Aspc-1 were used to measure the concentration of
expression TF (IlIl). Miapaca-2 is generated from a patient with a primary
adenocarcinoma tumour, and has epithelial cell-like morphology, abundant cytoplasm,
low/no TF expression; Aspc-1 is generated from pancreas ascites from an

adenocarcinoma patient, low/moderate TF expression).

The chapter is divided into the following sections the expression and activity of TF in
these cells was confirmed as below. The pancreatic cell lines were supplemented with a
range of concentrations. The cells were analysed by ELISA and TF concentrations were

determined from a standard curve prepared alongside.

7.1 Expression of Tissue factor receptor from pancreatic cell

lines

To determine the concentration of tissue factor (TF), two types of pancreatic cell lines
Aspc-1, and Miapaca-2 were cultured in PRMI-1640 supplemented with 10% fetal calf
serum and DMEM (high glucose Dulbecco’s Modified Eagle Medium (Hyclone)
supplemented with 10% fetal bovine serum (FBS), penicillin and streptomycin) media
respectively, as a first step. This was followed by harvesting them as described in sections
2.15.2.1, 2.15.2.2, and 2.15.2.3, respectively. The average number of viable pancreatic
cells were counted within the cell suspension for various recovery periods (0, 1, 2 ... and

72 h) as indicated in fig.7.1.
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Figure 7.1: The correlation between

No. of cells

the concentration of Tissue factor (TF) and the number

of viable Aspc-1 (a) and Miapaca-2 cells (b) through various recovery periods [Amaxat 450 nm]
and the rate of centrifugation 400 rpm (n=3).

223



The expression of Tissue Factor (111) concentration within pancreatic adenocarcinoma
cells is directly proportional to the number of living cells through the recovery period.
The highest expression of TF was noted on the Aspc-1 cell line, compared with the
concentration of Tissue factor expressed within Miapaca-2 cell line. Many studies have
confirmed the difference between pancreatic carcinoma cell lines in the expression of
tissue factor. This variation might be due to systemic hypercoagulopathy in pancreatic

cancer ***, as mentioned previously.

7.2 Tissue Factor (TF) ELISA method

A range of standard Aspc-1 and Miapaca-2 pancreatic cell lines (7.825-500 pg mL™) were
used to generate a calibration curve figs.7.2, and 7.3, and This standard curve is
constructed by plotting the mean absorbance for each standard on the y-axis against the
concentration on the x-axis and drawing a best-fit curve through the points on the graph
only for demonstration purposes. A standard curve should be generated for each set of

samples assayed.

Typical data from Human Tissue Factor (111) was obtained for each type of pancreatic
cell lines (Aspc-1 and Miapaca-2 cells). The mean of the triplicate readings for each
standard, control, and sample were obtained and the average zero standard optical density
(O.D.) were subtracted as indicated in tables 7.1, and 7.2. The data was linearized by
plotting the log of the human Coagulation Factor Il concentrations versus the log of the

O.D., and the best-fit line was determined by regression analysis.

The absorbance of standard solutions prepared for these cells was recorded by an ELISA
plate reader at 450 nm, as described in section 2.15.3.1 and 2.15.3.2. Bound (TF) protein
is detected by emission of light, which is proportional to the amount of antibody/antigen
complex captured from the samples. The TF concentrations of standard solutions, which

are proportional to the colour intensity, were measured.
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Figure 7.2: Calibration curve of Tissue Factor (TF) standards, The set of known average
standard concentration was used to plot the curve, and unknown sample concentration was
determined by using this equation: Y=MX+C, where Y is the absorbance of the unknown
sample; M from above is the slope of the fitting line; X is the concentration of the unknown
sample; and C represents the intercept (equals zero for the best fitting line). (a) Aspc-1 and (b):
Miapaca-2 cells with error bar (£0.1).
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This standard curve is constructed by plotting the mean absorbance for each standard on
the y-axis against the concentration on the x-axis and drawing a best-fit curve through the
points on the graph only for demonstration purposes. A standard curve should be
generated for each set of samples assayed.

Typical data from Human Tissue Factor (I11) was obtained for each type of pancreatic
cell lines (Aspc-1 and Miapaca-2 cells). The mean of the triplicate readings for each
standard, control, and sample were obtained and the average zero standard optical density
(O.D.) were subtracted as indicated in tables 7.1, and 7.2. The data was linearized by
plotting the log of the human Coagulation Factor Il concentrations versus the log of the
O.D., and the best-fit line was determined by regression analysis.

Table 7.1: Correlation between the Concentration of Tissue Factor (TF) standards and the
absorbance. Seven standard tests were run three times, and average absorbance was calculated
for Aspc-1 cell lines.

HEEEE

. 7825 0.159 0.158 0.155 0.157 +0.002
15.65 0.185 0.191 0.173 0.183 +0.001
311 0.255 0.277 0.256 0.262 +0.012
62.5 0.409 0.411 0.398 0.406 +0.007
125 0.665 0.66 0.647 0.657 +0.009
250 1.066 1.026 1.017 1.036 +0.026
500 1.888 1.853 1.86 1.867 +0.018
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Table 7.2: Correlation between the Concentration of Tissue Factor (TF) standards and the
absorbance. Seven standard tests were run three times, and mean absorbance was calculated
for MiaPaca-2 cell Iines

. 785 0.154 0.157 0.157 © 0156 iO 0017
15.65 0.199 0.199 0.192 0.19667 +0.004
311 0.282 0.277 0.269 0.276 +0.0065
62.5 0.427 0.422 0.421 0.42333 +0.003
125 0.621 0.668 0.672 0.65367 +0.028
250 1.121 1.065 1.074 1.08667 +0.030
500 1.806 1.821 1.894 1.84033 +0.047

The concentration of Tissue Factor expressed from pancreatic cell lines can be noted as

proportional over time up to 72 h (see fig.7.3). And the correlation between

concentrations of TF and time is illustrated in for AsPC-1 and Miapaca-2 cells

respectively. Concentrations of Tissue Factor (I11) expressed on pancreatic cell lines ere
107.82 pg mL?, and 57.27 pg mL* after 72 hr. The absorbance was 0.52 nm for Aspc-

1 cells, whereas it was 0.35 nm for Miapaca-2 cells, respectively after 72 h as shown in

fig.7.4. The amount of human Tissue Factor captured in strips is proportional to the

intensity of yellow solutions that changes after adding acidic stop solution. Further studies

were found TF concentrations that expression from pancreatic cell lines in patients with

pancreatic cancer to be more than in normal controls that TF secreted by activated

leukocytes.
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Figure 7.3: relationship between time and the concentration of Tissue Factor expressed from
(a) Aspc-1 and (b) Miapaca-2 cells at Amax at 450 nm, rate of centrifugation 400 rpm.
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Figure 7.4: The relationship between concentration and absorbance of Tissue factor expressed
from (a) Aspc-1 cells and (b) Miapaca-2 cells at different times [imax at 450nm]; rate of
centrifugation 400 rpm.
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From the previous results of TF that have been released from pancreatic cell lines (Aspc-
1 and Miapaca-2 cells) into the cell culture media was studied over a period of 72 h and
quantified via ELISA with a calibration curve in the concentration range of 7.825 to 500
pg mL™. Cell numbers were established via haemocytometer. From the ELISA data it
could be estimated that, for the Aspc-1 cells, TF release raised for the first 24 h and then
dropped after 72 h. For the Miapaca-2 cells, TF release rose over the first 10 h and then
rained at this level.

7.3 Immobilisation of Biotinylated- anti human coagulation

Factor (111) using Dye-Doped Leaky waveguide sensor

Tissue factor binding was then studied on the dye-doped leaky waveguide system. The
concept and expected sensor output area with a TF concentration of 30 pg mL is shown
in fig.7.5. This experiment has been performed to investigate the binding of Biotinylated
goat anti-human coagulation Factor (111) using different concentration (1, 0.1, 0.01, and

0.001 uM) with once concentration of antigen standard TF (111) 30 pg mL™,
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Figure 7.5: Changing in the reflectivity dip angle versus time using different solutions HEPES
buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin 83 uM,
Biotinylated goat anti-human coagulation Factor (I111) 1 pM overnight. Then recombinant
human coagulation Factor (111) 30 pg mL™overnight. The surface initially incubated with the
RB4 dye (0.1 uM) for 5 min.
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Figure 7.6: Variation of shift in angle according to change the concentration of Biotinylated
anti-goat human coagulation Factor (111) 1 M.
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Figure 7.7: Changing in the reflectivity dip angle versus time using different solutions HEPES
buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin 83 pM,
Biotinylated goat anti-human coagulation Factor (111) 0.1 uM overnight. Then recombinant
human coagulation Factor (111) 30 pg mL™ overnight. The surface initially incubated with the
RB4 dye (0.1 pM) for 5 min.
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Figure 7.8: Variation of shift in angle according to change the concentration of Biotinylated
anti-goat human coagulation Factor (111) 0.1 pM.
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Figure 7.9: Changing in the reflectivity dip angle versus time using different solutions HEPES
buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin 83 uM,
Biotinylated goat anti-human coagulation Factor (I111) 0.01 uM overnight. Then recombinant
human coagulation Factor (111) 30 pg mL™ overnight. The surface initially incubated with the
RB4 dye (0.1 uM) for 5 min.
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Figure 7.10: Variation of shift in angle according to change the concentration of Biotinylated
anti-goat human coagulation Factor (111) 0.01 uM.
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Figure 7.11: Changing in the reflectivity dip angle versus time using different solutions
HEPES buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin
83 uM, Biotinylated goat anti-human coagulation Factor (111) 0.001 uM overnight. Then
recombinant human coagulation Factor (111) 30 pg mL™ overnight. The surface initially
incubated with the RB4 dye (0.1 uM) for 5 min.
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Figure 7.12: Variation of shift in angle according to change the concentration of Biotinylated
anti-goat human coagulation Factor (111) 0.001 uM.

Fig.7.13 shows the degree of shifting in angle upon applying different concentrations of
Biotinylated anti-goat human coagulation Factor (111) as shown in figs.7.5, 7.7, 7.9, and
7.11. Each concentration of antibody was performed on different chitosan chip that was
initially treated with glutaraldehyde, streptavidin. It can be seen from the figs.7.6, 7.8,
7.10, and 7.12, the concentration of antibody is decreased, the degree of shifting in angle
is increased which indicates more antigen bound to immobilized antibody. Each bar
represented the average of the three reading from different boxes. And have been found
that when using a concentration of 0.01 uM of the antibody leads to bind more of standard

TF to the surface.

When leave the antibody for an overnight, more shifting in the dip position that was
obtained which means that more antibody bound to the surface. Also this applied for an

antigen as it is bound to the surface more and more once it leaves for an overnight.

234



m Shift in angle of antiTF

B Ehift in angle of sandard-TF

Shift in angle / degrees

1 uM 0.1 uM 0.01 uM 0.001 pM
Concentration of anti-TF and standard-TF / uM

Figure 7.13: Variation of shift in angle according to change the concentration of Biotinylated
anti-goat human coagulation Factor (111) 1, 0.1, 0.01, and 0.001 puM.

The blue bar represents the average shift obtained from the different antibody
concentrations for the orange bar represents the average shift obtained from flushing the
standard tissue factor (111) which is always at the same concentration (30 pg mL™).Each
bare represented the average of the three reading from different boxes and have been
found out that using a concentration of 0.01 puM of the antibody leads to bind more
of standard TF to the surface. So, this concentration (0.01 M) of biotinylated anti human
coagulation factor will be used with different concentrations of the antigen (standard

tissue factor (111).

235



7.4 Optimise concentration of standard Tissue Factor (111)

The aim of these experiments are to find out which concentration of the antibody that can
provide a high degree of shifting by applying standard TF, and to investigate the reaction
between the right concentration of antibody biotinylated anti-goat human coagulation
factor (111) using different concentrations of standard-TF (l11) 30, 3, 0.3, 0.03, and 0.03
pg mL™L. This will lead to make a calibration curve and hence calculate the limit of
detection. Signals obtained for TF standard solutions of 0.003, 0.03, 0.3, 3, and 30 pg mL"
L are shown in figs.7.14, 7.16, 7.18, 7.20, and fig.7.22.
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Figure 7.14: Changing in the reflectivity dip angle versus time using different solutions
HEPES buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin
83 uM, Biotinylated goat anti-human coagulation Factor (I111) 0.01 uM overnight, . Then
recombinant human coagulation Factor-(111) 30 pg mL™ overnight. The surface initially
incubated with the RB4 dye (0.1 uM) for 5 min.
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Figure 7.15: Variation of shift in angle according to change the concentration of standard
Factor (111) 30 pg mL™.

1.8
1.6

Standard-TF ()

Biotinylated-anti 3.0 pg mL

human coagulation ,;.ﬁ——-'""'""',':L
factor () 0.01 M HI;'PES

Streptavidin

HEPES

in angle / degrees

Shi

0 10 20 30 40 50
time / h.

Figure 7.16: Changing in the reflectivity dip angle versus time using different solutions
HEPES buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin
83 UM, Biotinylated goat anti-human coagulation Factor (I111) 0.01 uM overnight, . Then
recombinant human coagulation Factor (I11) 3 pg mL™ overnight. The surface initially
incubated with the RB4 dye (0.1 uM) for 5 min.
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Figure 7.17: Variation of shift in angle according to change the concentration of standard
Factor (111) 3 pg mL™.
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Figure 7.18: Changing in the reflectivity dip angle versus time using different solutions
HEPES buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin
83 uM, Biotinylated goat anti-human coagulation Factor (I11) 0.01 puM overnight. Then
recombinant human coagulation Factor (111) 0.3 pg mL™overnight. The surface initially
incubated with the RB4 dye (0.1 uM) for 5 min
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Figure 7.19: Variation of shift in angle according to change the concentration of standard
Factor (111) 0.3 pg mL™.
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Figure 7.20: Changing in the reflectivity dip angle versus time using different solutions
HEPES buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin
83 uM, Biotinylated goat anti-human coagulation Factor (111) 0.01 puM overnight. Then
recombinant human coagulation Factor (111) 0.03 pg mL™overnight. The surface initially
incubated with the RB4 dye (0.1 uM) for 5 min.

239



© o o
B~ (o)} 00

Shift in angle / degrees
o
%]

0 I I I

Strep Ag
Concentration / uM

Figure 7.21: Variation of shift in angle according to change the concentration of standard
Factor (111) 0.03 pg mL™.
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Figure 7.22: Changing in the reflectivity dip angle versus time using different solutions
HEPES buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin
83 pM, Biotinylated goat anti-human coagulation Factor (I11) 0.01 puM overnight. Then
recombinant human coagulation Factor (111) 0.003 pg mL™overnight. The surface initially
incubated with the RB4 dye (0.1 uM) for 5 min.
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Figure 7.23: Variation of shift in angle according to change the concentration of standard
Factor (111) 0.003 pg mL™.

Fig.7.24, shows the degree of shifting in angle upon applying different concentrations of
antigen. Each concentration of antigen was performed on different chitosan chip that was
initially treated with 0.3% glutaraldehyde, 83 puM streptavidin and 0.01 pM of
biotinylated antibody. It can be seen from the figure that summarizes figs.7.15, 7.17, 7.19,
7.21, and 7.23, the concentration of antigen is increased, the degree of shifting in angle is
increased which indicates more antigen bound to immobilized antibody. The lowest
concentration of antigen was 0.003 pg mL™.
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Figure 7.24: Variation of shift in angle according to change of the concentration of Standard
Factor (111) 30, 3, 0.3, 0.03, and 0.003 pg mL™.

7.5 Blank experiment (Immobilisation of Biotinylated-anti

human coagulation factor (I11) without standard (TF)

The aim of this experiment is to obtain a shift in angle (degrees) when immobilisation of
biotinylated-anti human coagulation Factor (111) 0.01 uM into the waveguide film without
standard TF (111) as indicated in fig.7.25, and 7.26. For the pancreatic cell line samples,
measurement of TF from both the Aspc-1 and Miapaca-2 media on the DDLW showed a
value close to the reading for 3 pg mL-1 standard TF solution, compared to 7.86 pg mL"
1 and 6.89 pg mL-1 measured via ELISA, respectively. The results demonstrate a proof-

of-concept that label-free detection of real samples from cell effluent can be studied.
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Figure 7.25: Changing in the reflectivity dip angle versus time using different solutions
HEPES buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin
83 puM, Biotinylated goat anti-human coagulation Factor (I111) 0.01 puM overnight, . Then
HEPES buffer was flushed. The surface initially incubated with the RB4 dye (0.1 uM) for 5
min.
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Figure 7.26: Variation of shift in angle according to change the concentration of biotinylated
anti goat-TF without applying standard Factor (I11).
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7.6 Detection of Tissue Factor (I11) in a culture media using

DDLW sensor

For the pancreatic cell line samples, measurement of TF from both the Aspc-1 and
Miapaca-2 media on the DDLW. These experiment were performed in order to measure
the concentration of Tissue Factor (111) expressed from pancreatic cell lines of Aspc-1
and Miapaca-2 cells (7.86, and 6.89 pg mL™) respectively on the Dye doped leaky

waveguide sensor.
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Figure 7.27: Changing in the reflectivity dip angle versus time using different solutions
HEPES buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin
83 puM, Biotinylated goat anti-human coagulation Factor (I111) 0.01 pM overnight, . Then
recombinant human coagulation Factor (111) was expressed on Aspc-1 cells (7.86 pg mL™)
overnight. The surface initially incubated with the RB4 dye (0.1 puM) for 5 min.
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Figure 7.28: Changing in the reflectivity dip angle versus time using different solutions
HEPES buffer pH 7.4, 0.3% of glutaraldehyde as a linker for the waveguide layer, Streptavidin
83 puM, Biotinylated goat anti-human coagulation Factor (I111) 0.01 uM overnight, . Then

recombinant human coagulation Factor (111) was expressed on Miapaca-2 cells (6.89 pg mL™)
overnight. The surface initially incubated with the RB4 dye (0.1 uM) for 5min.

Figs.7.27 and 7.28 are indicate the degree of shifting in angle upon applying 7.86, and
6.89 pg mL* concentration of Tissue Factor (I11) that was expressed from pancreatic cell
lines (Aspc-1, and Miapaca-2 cells) respectively showed a value close to the reading for
3 pg mL? standard TF solution, compared to 7.86 pg mL™ and 6.89 pg mL™* measured
via ELISA, respectively. This concentration of antigen was performed on chitosan chip
that was initially treated with glutaraldehyde 3%, streptavidin 83 uM and Biotinylated
anti-goat human coagulation Factor (I11) 0.01 uM . It can be seen from the figure the
degree of shifting in angle is about 0.17 ° and 0.19° when applied 7.86, and 6.89 pg mL™*
of Tissue Factor (I11) that was expressed from Pancreatic cell lines (Aspc-1, and Miapaca-
2 cells) as indicated in fig.7.29 and table 7.3. In conclusion, when applying lowest
concentrations of TF were expressed on unknown sample solutions of (Aspc-1 and
Miapaca-2 cell lines) the degrees of shifting in angles were very close to the shifting in

angles of standard solutions TF that were prepared to investigate the detection limit.
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Figure 7.29: The correlation between the concentration of Tissue factor (TF) and shift in angle.

Table 7.3: Correlation between the Concentration of Tissue Factor (TF) standards and shift in

angle. l

Blank 0.02
Standard-TF 0.003 0.04
Standard-TF 0.03 0.07
Standard-TF 0.3 0.11
Standard-TF 3 0.2
TF expression from Aspc-1 cells 0.17
TF expression from Miapaca-2 cells 0.19
Standard-TF 30 0.59

The results demonstrate a proof-of-concept that label-free detection of real samples from

cell effluent can be studied.
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7.7 Conclusion

The current study has involved investigating the concentration of Tissue Factor expressed
on pancreatic cell lines. Two types of cell lines were used, Aspc-1 and Miapaca-2, to
optimize the methodology application by ELISA, a conventional setup. A leaky
waveguide system was also used to determine the release of TF from pancreatic cell lines
and compare the results of the two setups.

From previous results, a range of TF standard solutions were prepared at 450 nm and
centrifuged at 400 rpm to create a calibration curve recorded by ELISA plate reader to
investigate the concentration of Tissue Factor expressed from real samples from cell
effluent. TF release from pancreatic cell lines (Aspc-1 and Miapaca-2 cells) into the cell
culture media was studied over a period of 72 h and quantified via ELISA with a
calibration curve in the concentration range of 7.825 to 500 pg mL™. Cell numbers were
established via haemocytometer. From the ELISA data it could be estimated that, for the
Aspc-1 cells, TF release raised for the first 24 h and then dropped to about after 72 h.
whereas, for the Miapaca-2 cells, TF release rose over the first 10 h and then rained at
this level.

Moreover, there were a strong correlations between the level of TF antigen and activity
in these cells, showing that the TF present on the cancer cells was active as approved in

the literature.

Therefore, the concentration of Tissue Factor was increased when the number of cells
was increased over time, due to the generation of each pancreatic cell line. As can be seen
from the results that were obtained on the DDLW sensor, the degree of shifting in angle
is about 0.17 © and 0.19° of Tissue Factor (111) that was expressed from pancreatic cell
lines (Aspc-1, and Miapaca-2 cells), and showed a value close to the reading for 3 pg mL"
! standard TF solution, compared to 7.86 pg mL™* and 6.89 pg mL™ measured via ELISA,
respectively. In conclusion, the results have been demonstrated that label-free detection

(DDLW) sensor can be used to detect of real samples from cell effluent.
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CHAPTER 8

Conclusion and Future work
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8.1 Conclusion

The primary objective of this research work has been to develop, implement and apply
effectively a dye-doped leaky waveguide sensor to optimise and characterize label free
optical biosensors for detection of various biomolecular interactions. The dye-doped
leaky waveguide is an evanescent wave sensing mechanism for detection of biomolecular
interactions. The leaky waveguide sensor was investigated because it is a relatively
inexpensive and easy to use tool for scientific analysis and detection. It was designed to
have sensitivity as biomarkers are usually present in biofluids at very low levels. The
design goal for realizing high sensitivity was to design a structure that created a large pore
size hydrogel as the waveguide which can allow a greater amount of biomolecules to be

sensed inside the waveguide region.

In chapter one the theory behind label free optical biosensors was discussed including
their underlying principles, mechanisms, architectures and the immobilization techniques
used. This chapter included a literature review of the current state of immunobiosensors
and the need for high sensitivity, low cost measurement methods. A key component of
the optical biosensors is the binding between the sensor surface and the chemical or a
biological system. The physical and chemical properties of the functionalized surface play
an important role in achieving optimal recognition of the target and limiting the
nonspecific adsorption. Immobilizations of biorecognition elements such as antibodies,
enzymes, proteins, nucleic acids on the functionalized surface are discussed. The high
performance of an optical biosensor comes from its ability to immobilize biomolecules
while maintaining their natural activity. A successful sensor must target the biomolecule
in solution with low nonspecific adsorption to the solid support. These specifications
govern the specificity and sensitivity of such devices and can be tailored by appropriate

choice of the interface where the biomolecules are immobilized.

In Chapter 2 the experimental details were discussed including the equipment and
materials used, the processes to optimise the waveguide layer, and experimental methods
for the enhancement of the thin polymer waveguide film porosity. This chapter also
includes a description for the experiments to optimise the immobilisation of the

biorecognition element.

In chapter 3 the optimisation and characterisation of the chitosan waveguide is described.
It was found that 2% of chitosan solution coated a on cleaned glass at a spin speed 3000

rpm represented the optimum conditions to get a thin waveguide film to confine the light
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inside the waveguide layer. After that, to characterise the leaky waveguide layer the
number of moles of amine groups in the whole volume of the chitosan film that was
available to bind with the recognition species (antibody) was determined and the highest
amount of amine groups for 1%, 1.5% and 2% of chitosan were measured using two
different UV-visible spectrophotometric set ups. The range number of moles of the RB4
concentrations obtained through the UV/vis spectrophotometer from 18 to 183
femtomoles, whereas the number of moles of amino groups the RB4 concentration values
obtained from the custom-built optical setup were higher values range from 36 to 456
fmol. By comparison data for each setup a slightly higher concentration of Reactive blue
4 dye is shown at custom-built setup with the same chitosan chip with different
concentrations 1, 1.5, and 2% of chitosan film respectively. That’s due to when increasing
the concentration of chitosan will increase the number of moles of amines groups
Additional experiments investigated the incubation time of the reactive blue 4 dye with
2% of chitosan. It was found that 10 min resulted in the highest sensitivity compared with
the other incubation times.

The research then moved to investigate the porosity of the chitosan layer. Initial
experiments utilised glycerol and the sensitivity of the chitosan waveguide to using
different buffer in which to dissolve the glycerol was investigated, however water had the
higher RI. In addition the size of the pores in the waveguide film was investigated by
studying the diffusion into the waveguide of molecules of different sizes including BSA
(bovine serum albumin), and different molecular weights of polymers of PEG
(polyethylene glycol) and PEO (polyethylene oxide). It was concluded that none of these

larger molecules were diffusing inside the waveguide film to the small pore size.

Chapter 4 focused on enhancing the porosity of the chitosan film. Therefore, different
methodologies were used to increase the pore size of chitosan film. Firstly, silica beads
were incorporated into the chitosan layer to provide pores, this proved promising initially
for experiments with different concentrations of BSA molecules (0.5, 1, 2, 3, 4, and 5%)
with high the shift of degrees. The beads however needed to be then dissolved with NaOH
to leave the pores behind and, the stability of chitosan film was effected by the NaOH
treatment. Another approach that was effective was to control the dry time and use of 1%

of chitosan and this provided improved results.

Following this protocol, a crosslinker N hydroxysuccinimide-polyethylene glycol-N
hydroxysuccinimide (NHS-PEG-NHS) with different lengths was used in order to control

the pore size on the dried chitosan film. However, no enhancements were observed using
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this approach. In obtaining all these results it became clear that the quality of the coverage
of the waveguide layer was very important. In chapter 5 the use of different techniques
were utilised to optimise and characterize the waveguide. Different concentrations of
the chitosan solution with different spin speeds were investigated to ensure a good thin
film was obtained. A white light interferometer technique was used for examining surface
thickness of the spin-coated chitosan layer. By increasing the chitosan concentrations
(0.5%, 1% and 1.5% of chitosan investigated) the viscosity of chitosan solution increased
which led to a change in the thickness of the waveguide (119.7, 663.9, and 1046.8 nm)
respectively. A Bruker Dektak XT profilometer 3D was also utilized to measure the thin
film thickness and uniformity by scanning over features fluctuating in height between 1
mm to 5 nm. The surface roughness of the chitosan waveguide film was measured on
both flat and curved surfaces. For the flow cells the values obtained for the blue channel
were compared (before and after) for 0.5, 1 and 2 % of chitosan film incubated in 100
mM of reactive blue 4 dye solution. These experiments indicated removal of reactive blue
4 dye and the instability of the waveguide thin film during a waveguide run as indicated
in table 5.2 the average measurements for different concentrations of chitosan thin film

at different spin coating speeds, these experiments were repeated three times.

Confocal Scanning Microscope was used to study the porosity of chitosan waveguide
film. Porosity measurements indicated that the chitosan deposited on the substrate (glass
slides) was thicker around the edges when spin coated at 900 rpm (range = 2-50 pum)

compared to the centre of the substrate (range = 2-10 um).

Chapter 6 describes the investigation of different immobilisation methods to bind a model
biorecognition molecule, rabbit 1gG to the waveguide such that anti-rabbit IgG could be
measured, First, EDC-Sulpho-NHS was utilized to crosslink the Anti-IgG antibody into
the chitosan waveguide layer at a normal pH 7.4. The mechanism of this immobilization
depends on the activation of a carboxyl group which is conjugate to the antibody by using
a different ratio, 1:4, 1:1 and 4:1, of EDC-Sulpho-NHS. The present study indicated that
EDC-Sulpho-NHS based crosslinking of Anti-1gG had a low attaching efficiencies, which
is contrary to the literature stating that the binding efficiencies were enhanced when EDC-
Sulpho-NHS was used'*. That may be due to the molecular interactions between EDC
and Sulpho-NHS, which might be interfering with the binding of EDC-Sulpho-NHS
activated Anti-IgG to the amino groups of chitosan waveguide layer. To overcome the
problem glutaraldehyde which is a homo-bifunctional cross-linker t was investigated. But

there was a high reactivity of glutaraldehyde toward chitosan amine groups but no
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interaction for Anti-lgG with detection 1gG. That may be due to the orientation of the
antibody, which means that the aldehyde group of glutaraldehyde reacted with the amino
groups of the antibody and affected the orientation of the antibody. Lastly, the biotin-
streptavidin system was used to immobilize the antibody. Streptavidin was bound to the
amine groups within the chitosan layer using glutaraldehyde. Then biotinylated anti-
rabbit 1gG was immobilised by binding between streptavidin and biotin. Finally, the
binding of rabbit-IgG and the immobilised anti-rabbit 1gG was studied. This approach
proved very successful and a calibration curve as obtained for anti-IgG with a limit of

detection of 6+1 pg mL™.

In Chapter 7 an application of the leaky waveguide detection method was studied. This
focused on the investigation of the concentration of Tissue Factor expressed from
pancreatic cell lines. Two types of cell lines were used, Aspc-1 and Miapaca-2, and the

TF was initially measured by a conventional ELISA protocol.

This method was carried out in a 96-well microtitre plate (more depending on the samples
being analysed) a method that has been used for many years due to its ease and sensitivity.
A typical assay ELISA can take in excess of 24 hours due to the number of steps and the

size of the wells.

Using standard conditions'*® a calibration curve was obtained for TF and then the TF expressed
from unknown sample solutions was determined. TF release from pancreatic cell lines (Aspc-
1 and Miapaca-2 cells) into the cell culture media was studied over a period of 72 h and
quantified via ELISA with a calibration curve in the concentration range of 7.825 to 500
pg mL2. Cell numbers were established via haemocytometer. From the ELISA data it
could be estimated that, for the AsPC-1 cells, TF release raised for the first 24 h and then
dropped to about after 72 h. whereas, for the Miapaca-2 cells, TF release rose over the
first 10 h and then rained at this level.

Furthermore, it was shown that there were a strong correlations between the level of TF
antigen and activity in these cells, showing that the TF present on the cancer cells was
active. Moreover, it was shown that the concentration of TF increased when the number

of cells was increased over time, due to the generation of each pancreatic cell line.

The Miapaca-2 cells had been generated from a patient with a primary adenocarcinoma
tumour and have epithelial cell-like morphology with abundant cytoplasm, and low to no
TF expression); Aspc-1 cells were generated from pancreas ascites from an

adenocarcinoma patient, with low to moderate TF expression. The results were then
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compared with those obtained for the leaky waveguide detection method. The antibody
was immobilised using the protocol developed for the anti-IgG. A calibration was
obtained for different TF concentrations (0.003, 0.03, 0.3, 3, and 30 pg mL™) with a limit
of detection of 0.003 pg mL™. The results obtained for the samples of Aspc-land the
Miapaca-2 cell lines were 7.86+1, and 6.89+1 pg mL™ and this was comparable with the
results obtained for the ELISA. These label-free biosensors have potential for continuous

measurement for healthcare monitoring.

Other studies that have reported high concentrations of TF in platelets and blood cells and
the presence of TF in plasma have used commercial assays such as ELISA, Flow

cytometer, and Confocal laser scanning microscopy, etc as indicated in table (1.3).

The continuous measurement of biomarkers such as proteins and hormones in blood and
serum are the cornerstone of healthcare monitoring and optimising treatment plans. Often
such biomarkers are present in minute concentrations. Conventional analysis methods
involve assays with costly labelled antibodies and lengthy protocols on microtitre well
plates. To measure antibodies by florescence technique is requires to clean the sample
because (it contains interfering materials such as other proteins, salts, etc.), and also if
using an optical based labelled sensor needs to prepare the sample, that’s lead to consume

time and lost sample.

Label-free biosensors are therefore an attractive alternative to improve biomarker analysis.
These label-free biosensors (table 1.3) have potential for continuous measurement for
healthcare monitoring. Therefore, dye-doped leaky waveguide sensor technique
discussed in the thesis can be used to detect other of cancer biomarkers in future to

enhance the sensitivity of the leaky waveguide sensor.
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8.2 Future Work

Once the immobilisation chemistry has been developed, it is intended that the leaky
waveguide system should be used to study the release of tissue factor (TF) from
pancreatic cells in real time, and that its results will be compared to those of the
conventional microwell-based ELISA system. These label-free biosensors have potential

for continuous measurement for healthcare monitoring.

Key factors that will effect measurements will be temperature and humidity. In future
work these will need to be controlled. This could be achieved by using an enclosed box
where the temperature can be fixed and the humidity maintained by utilised a saturated

salt solution inside the box.

Once the immobilisation chemistry is developed, the waveguide system is intended to be
used to study the release of tissue factor (TF) from pancreatic cells (Aspc-1 and Miapaca-
2 cells) in real-time, and compared to the conventional microwell-based ELISA system.

Different TF concentrations (0.003-30 pg mL™) were investigated.
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Appendix

9.1 Conferences

> 5"PhD Experience Conference, (14-15™) April 2014, University of Hull, attending.

> 6" PhD Experience Conference, (7-8") April 2015, University of Hull, attending.

» Chemistry Department Colloquium, 21% July 2016, Hull University, poster
presentation.

> Analytical Research Forum (ARF) conference, 8" July 2016, Burlington House,
Piccadilly, London, poster presentation.

> Chemistry Department Colloquium, 24" Jan 2018, Hull University, presentation.

» The 22 International Conference on Miniaturized Systems for Chemistry and Life
Sciences (UTAS 2018), Kaohsiung Exhibition Center in Kaohsiung, Taiwan (11" -
15" ) November, 2018.

9.2 Memberships

> Royal Society of Chemistry (RSC).
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