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ABSTRACT

This work aims at the development of novel biosensor based on optical planar waveguide
(OPW) for detection of mycotoxins, which are common contaminants in agriculture
products (grains, beans, nuts, fruits) and associated food and feed. These low molecular
weight toxins produced by various fungi species possess a substantial danger to human
and animals, and thus are under strict legislated limits irppab(part per million) level.

The detection of mycotoxins in such low concentrations is of great interesidays.

A novel detection principle of polarization interferometry (Pl) exploited in this system
(which can be considered as a logical continuation of ellipsometry) in based on tracking
changes in the polarization state of a laser beam passing thimeighateguide and
affected by immobilized in the waveguide sensing window. The key element of this
sensor is a planar optical waveguide consisting of 190 nm thick silicon nitride core layer
sandwiched between twal & | thick layers of silicon dioxide; aessing window was
etched in the top silicon oxide layer to allow monitoring molecular adsorption. A 630 nm
polarized light from a laser diode coupled through the slant edge of the waveguide
experiences a large number of reflections (about 500 per mm) pvbpagating through

the waveguide. The-momponent of polarized light is affected by changes in refractive
index in the sensing window, while somponent is less affected and thus serves as a
reference. Therefore, the changes in either the medium treérandex or molecular
adsorption cause the phase shift betweeang s components. The observation of the
light polarization state is enabled by a polarizer converting the changes in polarization to
variations of light intensity which is then recodedhaCCD linear array interfaced to PC.

The refractive index sensitivity of the OPW Pl sensor of about 1600 rad/RIU/mm (the
highest value known for optical detection) was found by both the theoretical modelling
and experimental testing.

The developed expeniental seup was used for detection of mycotoxins, i.e. aflatoxin
B1 (AFT B1), ochratoxin A (OTA), and zearalenone (ZEN), in direct assay with two
types of biereceptors immobilized within the sensing window: (i) antibodies
electrostatically bound onto lison nitride surface via layers of peéllylamine
hydrochloride and protein A, or (ii) aptamers covalently bound via SH groups on
aminated surface of silicon nitride. The outcome of such biosensing tests was successful;
all three mycotoxins were detedten a wide concentration range from10 pg/ml up to 1
RY/ml in direct immunoassays with their respective antibodies. The use of specific
aptamers as bioreceptors in the latest upgrade of the OPW-RI Bat resulted in much
lower detected concentrationsAFT B1 and OTA down to 1pg/ml, with LDL estimated

as 0.6-:0.7 pg/ml.

The obtained sensitivity in sytpt (part per trillion) level is the highest known for optical
biosensors, and it is particularly remarkable for a Hiteel detection of low molecular
weight analyte molecules in direct assay format. The developed OPW PI biosensor is
universal and can be easily adapted for detection of different analyte molecules by
choosing suitable bioeceptors. It can be used equally for detection of small and large
molecules, and in different assay formats, e.g. direct, sandwich, and competitive assays,
and therefore can be considered as a platform biosensing technology for a wide range of
applications, i.e. environmental monitoring, security, agriculture and fodusiry, and
biomedical.
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Chapter 1: Introduction



1.1 General background

The environmental pollution is one of the mamoblemsof our civilization
nowadays. Contamination of water resources by industrial wastes such as heavy
metal ions and agricultural pesticides is one of the worst cases [1]. Another type of
pollutants attracted attention recently are mycotoxins, which are rtdigis of
metabolism of large varieties of fungi species grown typically on different
agriculture products, i.e. grains, spices, nuts, coffee beans, fruits, and respective
derivative food products [2]. Mycotoxins being tox@grcinogenicand endocrine
disruptive agents are of particular concern for agriculture and food industry [2].
Monitoring these pollutants on low concentrations in-gpb (part per billion) range
is a task of great importance nowadays. This of course could be done using modern
analytcal methods of chromatography and mass spectroscopy, though such analysis
will be too expensive and not suitable forfield detection of mycotoxins. Optical
sensors combining high sensitivity with other advantages, such @avasiveness,
low power comsumption, and remote access [3], is perhaps a right choice for this
task. However, the toxins mentioned above are usually small molecules which are
quite difficult to detect using conventional optical sensing technologies such as SPR
(surface plasmon resance). Much lover detection limit (down to 0.1 ppb) can be
achieved using the method of total internal reflection ellipsometry (TIRE) which was
developed in the last decade in Prof. Nabok's research group at Sheffield Hallam
University [47]. The TIRE metod, however, is a laboratebased analytical
technique which required expensive equipment, e.g. spectroscopic ellipsometer, and
highly qualified technical personnel. Further enhancement of the sensitivity could
achieve by exploiting multiple reflectiord light. This could be done with the use
optical waveguide or optical fiber. As well as work towards development of portable
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sensor devices having high sensitivity in ppt (et trillion) range can be achieved
using interferometry principles in combtran with planar waveguide geometry [7].
Recent developments in planar waveguide technology using -Mietwhder
interferometry [8] or ringesonators [9] principles are very promising. An
interesting concept of fully integrated sensor was recently demtatsbg Misiakos

[10] which combines multichannel planar waveguide, avalanche LEDs as light
source, and - junction photedetectors as well as microfluidics in one silicon chip.
The relative drawback of Mach Zehnder biosensor is the complexity of itsidésig

this work we propose much simpler design of the optical waveguide devices.
Another possibility was based on earlier sensor development which utilized a silicon
oxide - silicon nitride planar waveguide operating in polarization interferometry (PI)
regme [7, 11, 12]. Both the modelling and preliminary experiments show@d 2
order increase in sensitivity as compared to TIRE methods [7, 12] duaudiple
reflection of lightin the waveguide. The same waveguides, though operating in the
light attenuabn regime, were successfully utilized in optical enzyme sensor array
capable of detection of traces (in guib) range of heavy metals and pesticides [13,
14]. The proposed optical planar waveguide planar interferometer (OPW PI) sensors
can be quite smalh size and capable of detecting low molecular weight toxins in

ppt range of concentrations.

1.2 Motivation for research

Due to the adverse health effects of mycotoxins that range from acute poisoning
to longterm effects such as immune deficiency aadcer and their widespread in

agriculture products and associated food and feed, they are considered as a real threat



to public health and require efforts to control them. The World Health Organization
(WHO) set quite strict limits (typically in ppb rangen the allowed concentration of
mycotoxins [15]. The first step in reducing of the mycotoxin contamination to the

safe level is providing means for their detection and monitoring.

The traditional analytical methods such as chromatography andspestsoscopy

are capable of detection of low molecular weight molecules of mycotoxins in such
low concentrations, however they require advance analytical instrumentation in
specialized lab@tories and highly skillful personnel which makes the analysis quire
expensive and time consuming. Biosensors are considered as the most promising
way to bridge the gap between the high WHO requirements and a current state of
analytical capabilities. Inthe last decade, several {sensing methods for
mycotoxins detection were demonstratéahwever, they still utilize bulky and
expensive laboratory equipment and require great deal of experience in their use.
Therefore, the development ¢dw cost, porthle, though highly sensitive bio
sensors is in great demand nowadays. This was the main motivation behind my PhD

project.

1.3 Aim and objectives

The main aim of my PhD project is to develop a novel opticatsbitsing
technology based on planar waveguides capable of detection of mycotoxins in low
concentrations down to ppt level and also to provide a platform for further

commercial development obptable biosensors for-feld detection of mycotoxins.

The objectives are:



1. To develop an experimental setup for optical planar waveguide (OPW)
biosensing based on the principle of polarization interferometry (P1).
2. To test the experimental sep, to evéuate its sensitivity, and to develop data

processing system.

3. To develop the experimental methodologies of (i) the immobilization ef bio
receptors (antibodies and aptamers) on the waveguide surface, and (ii) the
detection of mycotoxins in direct assay witheir specific antibodies and

aptamers.

4. To perform a series of biosensing experiments using the developed OPW PI
experimental setup fan-vitro detection of several mycotoxins, i,e, aflatoxin
B1, zearalenone, ochratoxin A, in direct assay with resgeatitibodies and

aptamers.

5. To carry out preliminary work for the development of a portable OPW PI

biosensor.

1.4 The proposed research

In this work, the simplified design of a planar waveguide sensor was explored.
Instead using a reference arm or channel as in other previously developed
interferometers second, we use the two polarization componeatsls which are
affected differatly by the medium. In the proposed one channel design,-the s

polarized component (which is less affected by the medium) is used as a reference.

Another element of novelty was the use of simple light coupling via slanted angle.

Within this project, theoretal analysis of light propagation through planer



waveguide was done. The theory was used to model the waveguide optimize, its

geometric and evaluate refractive index sensitivity.

The major experimental part of the work was the practical implementatiow\df
design, which went through several stages of experimentaipsapgrading. The

final version of OPW satip provided the record high RIS of about 10,000 rad/RIU.

Selection of suitable bio receptors (antibody or aptamers) and their immobilization

on thewaveguide was essential part of the project.

Finally, the experimental detection of three different mycotoxins (aflatoxin b,
ochratoxin A and zearalenone) was successfully achieved. The LDL limit in sub ppt

range is the best among the other optical sensmorted.
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Chapter 2: Mycotoxin detection techniques:

Review



2.1 Introduction

This chapter provides a brief outline of the project starting with the motivation and
current state of work in the field of detection of low molecular weight toxins, and
mycotoxins in particular. The comparison of traditional laboratory based analytical
methods, such as HPLC and magsectroscopy, and biosensors are presented here to

justify the subject of PhD project, its aims and objectives.
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2.2 Traditional mycotoxin detection methods

2.2.1Introduction:
Contamination of agricultural products and associated food and feed is very common
these days which causes a number of economic and health problems, as mentioned in
the previous chapter. Thereforeational and international institutionand
organizations such as the European Commission (EC), the US Food and Drug
Administration (FDA), the World Health Organization (WHO) and the Food
and Agriculture Organization recognized the potential harmful impact of
mycotoxins and set puregulatory limits for major classes. [6, 7]. For example,
European Union Mycotoxin Legislation limits range from 10 to 0.5 ng/g (or ppb)
depending on thgype ofmycotoxin and the type of product [1, 2]. In order to avoid
the dangers andcontrol the spreadof those contaminants, there is an urgent
requirement ofproviding meansof detection and monitoring of these toxins.
Mycotoxin detection is considered a scientific challenge, due to their high toxicity,

widespread and the small size of the moles molecular weight (5800), [3, 4, 5].

Continuous analysis of mycotoxin contaminants in agriculproglucts, foodand

feed requires analytical methods capable of their detection at the concentration level
indicated above. The mosbmmon analyticamethod for almost all varieties of
mycotoxins uses the immunaffinity cleanup combined with higiperformance

liquid chromatography (HPLC). HPLC is based on the separation of a mixture into
several components depending on their differences in the interacith absorbent
material which leads to different flow rates; HPLC is usually combined with UV or
fluorescence detectiorf8, 9]. Anothercommonly used technology is thin layer

chromatographyTLC), whichgives qualitativeor semiquantitative results. These
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analytical methods required long hours of preparation and processing to yield the
results of a particular sample. The production of antibodies for majority of
mycotoxins has led to emerging and an increasing usgmofmelinked immune
sorbent assays (ELISAs), which rely on use the specific antibodies to bind the
mycotoxin molecules, and give the estimated result of the sample in less than 30
min. Most of these traditional analytical methods have sufficient semgittvidetect
mycotoxins at the required concentrations, however the complexity of
instrumentation and the analysis procedures make those methods very expansive and
time consuming. Therefore, there is great demand of development of alternative
solutions fa costeffective, infield detection of mycotoxins. Up to now, there is no
ideal solution for this problem; several f8ensing technologies developed recently
cannot meet all the requirements of high sensitivity, reliability, portability, low cost,

and eae of use. This PhD project is attempted to develop such a biosensor [10].

2.2.2Chromatography:

Chromatography is a technique to separate mixtures of substances into their
components on the basis of their molecular composition and molecular structure.
Thereare many kinds of chromatography techniques, such as gas chromatography
(GC), liquid chromatography (LC), thin layer chromatography (TLC) &igh
performancdiquid chromatography (HPLCAIl chromatographic typesperate on
the same basic principle oémaration the sample into its compound based on the

difference in the relative affinities of the compound molecules [11].
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2.2.2.1Thin Layer Chromatography (TLC)

This method separates the components in the mobile phase depending on their
relative variance of affinity towards the stationary phase. In this technique, the
components travel as mobile phase over the surface of the stationary phase, the
separation tart when the mobility of the compound is affected by the compound
affinity to the stationary phase, so that the compound which have the highest affinity
towards stationary phase move slowly, while lowest affinity compound move faster.
As shownin Fig. 21, theseparation of compounds can be visualized as different

spots at the travel path on the plate that hold the solution.

Solvent

Beaker Plate
|
l { +—— Solventfront
\  cc—"
Components spots
®
— —
Sample spot @ Component A @ Component A
@ Component B @® Component B
Step 1 Step 2 Step 3 <+— Starting line

(b()ilhromatogr-aphy plate

(a)

Figure2.1 Thin Layer Chromatography: (a) compounds separation mechanism, (b)

components color bands on chromatographic plate.

TLC is usually performed on a sheet of glass, plastic, or aluminum, which is covered
with a thin layer of adsorbent material, such as silica gel, or cellulose as a stationary
phase. In the end of the prosethe plate will be dried and visualized under UV light

to visualize the traveling distance of the component to calculate the flow rate and to

find out the separation results. As shownFig. 2.2, the ratio of the traveling
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distance of the substance thaft the solvent is used to estimate the substance
movement, and called as retention factor RF value, which is the ratio of the distance
moved by the solute and the distance moved by the solvent along the paper, from
the common Origin. The value of the Ri€tor can be zero when the solute remains
fixed at its origin and one when moves as far as the solvent, so the value of RF
ranging between zero and ongl]l The ratio of the traveling distance of the
substance that of the solvent is used to estimatsutbstancenovement andalled

as retention factor RF value. Knowing RF value one can make the tentative

identification of the compound [125].

Solvent front——> ———————————— -
Spot ofthe ————— > =--—————— X
analyte
Origin J
(Baseline) — = o T~ _
RF=Y/X

Figure2.2 Retention factor of thin layer chromatography

This approach can be used to detect the mycotoxins by dropping the sample onto
TLC plate, and then the plate is developed, by dipping into an aluminum chloride

solution and heating. The presence of mycotoxins then can be visualized by
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irradiation the fate by longwave UV light. Comparison to the standard sample
allows estimation of the level of the \ F R W Rcpn$gdration. The detection limit is
about 0.5 pg/kg (0.5 ppb). TLC using silica gel impregnated with organic acid has
been reported as approgge method to detectommon mycotoxins (aflatoxins,
citrinin, fumonisin) [16] TLC has been reported to detedt] %o %o (2ppb) of

mycotoxin in various cereal grains [17].

2.2.2.2High Performance Liquid Chromatography (HPLC):

High performance liquid chromataphy is an improved form of column liquid
chromatography. This methathown in Fig. 2.3 can beonsidered as a mass transfer
process involving absorption. In this technique the move of the sample analytes
through a column by gravity have been replacedhleyhigh pressures pump (of up
to 400 atmospheres) to generate and measure a specific flow rate of mobile phase

(typically milliliters per minute).This approach make the separation process faster.

Mobile phase . .

Detection signal

Strong \ weak weaker | A

" 1,
‘ l". 4'\ 1’\ ’ IH | O
Stationary phase — Time 4

Figure2.3 Principles of HPLC
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The separation process starts with pumping the liquid solvent that contains the
sample mixture through a column containing a solid adsorbent material. During that
process, each component in the sample interacts slightly differently with the
adsorbent raterial, and small variations in the interaction lead to the difference in
the flow rates of components flowing, eventually, leading to separation of the
components as they flow out of the column, [16,17,18]. HPLC have many
advantages over traditional chmatography, such as higher speed (most analysis
take 30 min or less), higher resolution and sensitivity, and easy sample recovery.
There are plenty of publications with good results demonstrating the ability to detect
mycotoxins in low concentrations. ThPLC system shown schematicaity Fig.

2.4 consist®f the following main parts [19, 20, 21]:

Sample injection

= unit

ump |
‘ HPLC tube UV Source-detector unit

Degasser S

1
1
) k Colum oven ! l |
]
Solvent reservoir D Waste

Data acquisition

Figure2.4 Main parts oHigh-performanceiquid chromatography

Solvent a sample must first be dissolvieda liquid solvent, usually one with known

HPLC spectra so that its data can be distinguished from the sample.
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Solvent Delivery System (Pump: provide the pressure, which drives the sample

through the column (pressure of up to 4TI bar).

Column is a usuallystainlesssteeltube with a diameter of 3 to 5mm and a length
ranging from 10 to 30cm. The separation of the compounds occurs in this tube

(column). The stationary phase is packed in this tube

Injector. this elemeninjectsthe sample into theigh-pressure flow, (about5 /

The accuracy of HPLC performance is largely affected by the reproducibility of
sample injection, sthat thedesign of the injector is an important factor. The most
widely used injection method is autosampler (anojector) system, which allows

repeated injections in a set schedttietng.

Detector which feeds the information to a computer (recorder andatsdiactor) to
quantify and identify the sample components. The detector measures the change in
the compositiorof the eluent, due to present of the analyte and, converts this change

to the form of electronic signal.

According to the separation mechanism (type of the column) there are fouofypes

HPLC:

Normal Phase HPLCIn this type of HPLC the separation rel@s the polarity of
the compounds. The stationary phase has a polarity, so the least polar will separate

first and its more polar compounds will separate later.

Reverse Phase HPLCThis methoduses stationary phase as hydrophobic or
nonpolar, while the male phase has a polaritjso, the nonpolar material will be

retained longer.
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Sizeexclusion HPLC in this method the substrate molecules are incorporating
within a column and the separation of constituents depends on the difference in

molecular sizes.

lon-exchange HPLC: in this strategy the stationary phase possesses ionically charged
surface opposite to the charge of Hanple so the compounds are separated by the

ion force interaction.

In general, the chromatography is capable of analysing mostyobtoxin types,
while ion-exchange chromatography is more suited for acidic mycotoxins like
nitropropionic acid, ochratoxin A, mycophenolic acid, viridicatumtoxin and
tenuazonic acid, [23]HPLC is typically coupled with UV and called (HPHQV),

or fluorescence detector and named (HFEQ). HPLGUV employs a UVdetector

to measure the absorban#gno unit)at particular wavelength to obtain compound

concentratiorC (mol/litter) using the Bee DPEHUWY{V /DZ
#L 0% > (2.1)

where 6is the absorption coefficiefit mol*cm™), and >is thelight path through

theliquid sample length

The fluorescence detector (HPiED) is one of the most sensitive detectors can be
coupled to liquid chromatography. The excitation amtssion fluorescence spectra
can help to characterize individual compounBzgcitation spectra are identical to
UV/Visible absorption spectra, while emission spectra can give additional

information [24].
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2.2.2.3Gas chromatography (GC)
Gas chromatography isonsidered one of the most popular methods for analyzing
and separating compounds, because of its low detection limit and high resolution.
Gas chromatography (GC) is a chromatography technique in which the mobile phase
is a gas, the gaseous mobile phasmised by using pressure to pass through the
stationary phase, [25,26]. This method is more suitable for analyzing and testing the
purity of the compounds that can be vaporized without decomposition. The
stationary phase is a microscopic layer of polyordiquid on a solid support inside
the column, while the mobile phase is an inert gas such as helium or an unreactive
gas such as nitrogen. The mobile phase which is a gaseous compound passed

through the column and analyzed by interacting with the wélise column [27].

The schematic diagram of GC is showrFig. 2.5the gas source (usually high
purity fa "a‘'” ¢ has the pressure and flow control. The gas flows into the
injector, through the column and then into the detector. The injector heats the sample
to vaporizet andintroduce into the injector. The vaporized solutes transport through
the column by the caar gas, while the column is maintained inteanperature
controlledoven to keep the sample in vapor phase. The solutes travels through the
column at a various rate speed depending on their physical properties. The fastest
solute exits from the column firgollowed by the remaining solutes according to
their speed. As each solute exits from the column, it meets the detector. An
electronic signal is generated upon interaction of the solute with the defEutor.
amplitudeof the signal is plotted againstaplsed time to produce a chromatogram
The time and size of a peak are used to identify and measure the amount of the
compound in the sample. The size of the resufpieak is proportional to the amount

of the compound in the sample [28].
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Figure2.5 Schematic Diagram of GC.

Teruhisa GoTo*i, Masami MATSUI*2, and Takaharu KITSUWA and others have
been demonstratetthe detection aspergillus mycotoxins using gas chromatography
with fused silicacapillary column. Also gas chromatographic methods are used for
guantitative simultaneous determination of trichothecenes in cereals andbeesedl

products.

2.2.3The enzymelinked immunosorbent assay (ELISA):
This method uses the specific binding of antibadtyigen to select the target
molecules, then the target molecules are detected and quantified, [29,30]. ELISA
(enzymelinked immunosorbent assay) or enzyme immunoassay (EIA) (as another
name) is a platbased assay technique used to detect and quadt§yances such
as peptides, proteins, antibodies and hormones. It is also suitable for use to detect
mycotoxins. The procedavolvesimmobilizing the antigen on a solid surface and
then complex it with an antibody that is linked to an enzyme (this segondar
antibody is usually labeled witgm enzyme). As illustratad Fig. 2.6thedetections

done via a substratum which is added to the plate, the reaction of the substratum
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decompositioncatalyzed by the enzyme releases colored products, which is
converted to measurable signal usaoingptodetectof31, 32]. The ELISA techniques
can be classifieddepending on the antigemtibody combination into a direct

ELISA, indirect ELISA, sandwich HISA, competitive ELISA.
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Figure2.6 Enzymelinked immunosorbent assay (ELISA).

2.2.4L ateral flow devices (LFD)
This method relies on the formationioafmunecomplex of the antigen with a dried
format of bieactive particlesmmobilized on a micrestructured strip which has the
capacity to transport fluid spontaneously through series of capiéagsAs shown
in Fig. 2.7the first element acts as a spongd aonlds an excess of a sample fluid.
The sample moves along the strip through capillary tubes to the part that contains the
dried labeled reagents, which recognize pathogens in the sample, then the antigen
binds with the reagents. After a while, when mamnel more fluid has passed through

the stripes, the stripgrea changes its colofhe density of the line will vary
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depending orthe quantity of the target present. Accumulation of labeled conjugate
on test line and control line by immunological recogmtisystem generates
detectable signals and results are visualized either by naked eye or using a lateral
flow strip reader. LFOhasdemonstratethe detection of aflatoxins in concentrations
down to range s Jeo* %d1 ppb) and dynamic range from 2 tar Do ¢ %0[33, 34,

35, 36].

Test line

é Flow direction Control line

Sample pad

Absorbent pad
Conjugate release pad Backing card

Figure2.7 Basic component of lateral flow test

2.2.5Fluorescence polarization immunoassay (FPIA)

This technigueemploysa fluorophore bound antigen that bound to the antibody of
interest. The principles of FPIA are illustratedRig. 2.8 Polarizedlight used to
produce a polarizedluorescentemission from the analyeacer, the average
polarization of the emitted fluescence will be related to the speed of rotation of the
molecule. The rate of speed of molecule rotation in liquid is related to the size of the
molecule. Therefore, the polarization of theorescenemission is related to the size

of the molecule. Suckelation is used in this method to make the polarizethef
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fluorescentemission from the analytieacer molecules as indicator to its binding to
antibody, because that binding leads to increase in the size and thus reduces the
polarization ratio [37]. Ta changes in polarization is therefore proportional to the
amount of antigen in the sample, and it can be accurately measured with FPIA. This
method was used to detect aflatoxin B1 in beer and showed 1ng/mL (1ppb) as

detection limit [38, 39, 40].

Fast rotation

— 11 111 —_— \\}‘
<

Depolarized light, low
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degree of polarization

Figure2.8 Principles of FPIA

2.2.6Infrared spectroscopy
Infrared spectroscopy (IR spectroscopy or vibrational spectroscopy) is
spectroscopic technique based on the interaction of infrared light with the sample to
provide information about the molecule identity, [4Lhe electromagnetic radiation
in the infared range gives rise to excitation of molecular vibrations or rotations.
Different functional group absorbs characteristic frequency of IR radiation, hence

showing the characteristic IR spectral bands. Therefore, a particular substance or
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molecules systa can be identified from its IR spectrum finger print [42, 43].
Infrared spectroscopy has proved to be a powerful tool for the study of biological
molecules, including proteins, lipids, carbohydrates, and nucleic acids. This
spectroscopic approach enabdesh molecules to be identified and changes to their

chemical structures to be characterized.

As shown inFig. 2.9, thebasic components @n IR spectrometer are the radiation
source, monochromator, sample and reference cells, detector, amplifier awemreco

[44].

Unabsorbed
IR radiation wavelength IR Spectrum

—p detector

A —— EEEE—
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IR Source Sample monochromator

Photodetector

Figure2.9 Principles of IR spectroscopy

2.2.7Molecular Inversion Probe
This methoduses singlestranded oligonucleotides (oligos) havingeguencehat
are complementary to the target in the genome. The target molecules are captured
using circularization molecular technique. When the probe hybridizes to the target, it
undergoes an inversion in configurati@s suggested by the name of the technique
DQG FLUFXODUL]HVY 6SHFLILFDOO\ WKH WZR WDUJHW
ends of the probe become adjacent to one another while the internal linker region

forms a free hanging loofsee Fig. 2.10 The keystrengthsof the MIP technology
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include its high specificity to the target and its scalability for Higiloughput,
multiplexed analyses where tens of thousands of genomic loci are assayed

simultaneously [45, 46].

a)

s lig linker ext 5
 —— e — |

Figure 2.10 Principles ofMolecular Inversion Probe, In the MIP method, target
specific oligo probe sequences are hybridized to the target region of genomic DNA
and the probe is circularized by DNA polymerase and ligase such that the target

sequence is incorporated into the circutelecule45].

2.2.8Mass spectrometry
Mass spectrometry (MS) technique rel@s ionizationof the sampleand then the
separation of the ionic species in eleatragnetic field on the bases of their mass
charge ratio. Mass spectrometry is an analytical technique capable of identifying
compounds and evaluating its concentratiofhese days the methods of
chromatography and MS are combined in one piece of instrumen{dliod8, 49],
and such combination cgrovide additional information on chemical structure of

affinity-bound ligands which is missing in chromatography.
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The complete MS process involves tloaization of the sample with or without
fragmentation; the ions atben characterized by their mass to charge ratios (m/z)

and relative abundances, using electrid amagmatidields (see Fig. 2.0)1

I

M
Ionization — Saperation Detection |[——
| Z - ,

Mass Spctrum

Sample Vacuum zone

Figure2.11 Mass Spectrometry principles.

The MS analytical technique is fast, requires no sample preparation and no
derivatization or chromatographic separation. MS have been used for detection of
mycotoxins, such as aflatoxins B1, B2, G1, and G2, and demonstrated very high
sensitivity with LOD as low as 50 fmol [50]. The drawback of this method is,

obviously, high cost of instrumentation.

Table 2.1 Properties of mycotoxins traditional analytical methods., [51].

Method Advantages Disadvantage LOD LOQ
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Poor sensitivity Poor
precision Quantitative
approach only if coupled
with a densitometer

Simple and inexpensive Can
TCL be used as a rapid screening
method

urJai. ?° srrJc .?°

Good selectivity Accurate
identification Short analysis

HPLELD time Automatic analysis
(autosampler) Official
methods available

Expensive equipment
Specialist expertise
required Derivatization
may be required

ravia. ?s rawa .75

Selective andensitive
detection Capability to

generate structural Expensive equipment
information of the target Specialist expertise
LGMS analyte Low detection limits | required Sensitivity ta Gec?® udd Gec? s
Simultaneous analysis of deperds on ionization
multiple mycotoxins technique

Minimum sample pre
treatment steps

Expensive equipment
Specialist expertise

Simultaneous analysis of . N
y required Derivatization

multiple mycotoxins

GC ) - required Nonrlinear r&e GeC’S SaGeG &
Selective and sensitive L
. calibration curve Carry ovel
detection .
effects from previous
Sample
Convenient and sensitive Matrix interference
detection Ease of operation | problems Crosseactivity
Rapi mpl reenin with rel m Xin
ELISA gpdsa pescee. g t .eated ycotoxins L OKB®LA?E
Simultaneous analysis of Possible false
multiple mycotoxins Low use | positive/negative results
of organic solvents Narrow operating range

2.3 Biosensors

2.3.1The concept of biosensor
A biosensor is an analyticalevice which can detect molecules of inorganic,
organic or biological types through their interaction withrdseptors, such as

antibodies, enzymes, organelles, whole cells or tissues. Such interactions can be
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converted to some kind of physical parametmsiag a suitable transducer, which can

be electrical, electrochemical, optical, piezoelectric, thermometricseaasitive,
magnetic, or acoustic, and resulted in a measurable signal. According to the above
definition, a biosensor consists of the folloggimain partss shown in Fig2.12 (2,

53, 54];

Bioreceptoris the element consisting of a liomponent which is able to capture a
specific target analyte, i.e. ion, molecule, cell, virus, bacteria, etc., and to perform
some kind of biochemical reactiorfor example, decomposition, or binding,
formation of molecular complexes, polymerizations, etc. There are many types of
biological molecules which can act as sensing element or receptor, the list includes
antibodies, enzymes, nucleic acidsganelle cell, etc. Some of these receptors, for
example enzymes, may act as catalyst decomposition of certain analytes; some
others, e.g. antibodies have binding ability with specifically target molecules.
Observation and recording of such interactions betweerbithreceptor and the
analyte will beproviding the information on the presence of the analyte and its and
concentration. The reaction between the bioreceptor and analyte may result in the
production of new chemicals, release of heat, flow of electrons)gelkain pH,
optical properties of the mediunTransduceris the element that converts such
changes into some physical measurable signals, i.e. mass, temperature, electric

current or potential, oscillation frequency, optical properties, etc.

Signal processing systens the part which processes the signal produced by
transducer by converting it to electronic signal, amplifying it, transforming it to a
format suitable for the user, and finally identifying the analyte and establishing a
correlation betwen the output signal and the analyte concentration [55,56,57].

Signal processing is typically carried out by computer.
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Figure2.12 Schematic diagram of optical biosensors

2.3.2Classification of biosensor
Biosensors can be classifiéy their bioreceptor element or by the transduction
type. Biological elements include antibodies, enzymes, DNA oligomers, aptamers,
organelles, cells, microrganisms, and biological tissue. The choic&rafisduction
method depends on the physicochemical changes resulting from the sensing event.
Biosensing methods can be split into three main classes according to their
transduction types, i.e. optical detection methods, electrochemical detection
methods, ad mass detection methods. Optical biosensors having a number of
advantages over the other biosensing technologies (see more detailed description in
the following sections) is the subject of this project, therefore the main attention will

be focused on omal biosensing methods.
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2.3.30ptical biosensors

2.3.3.1Introduction
Optical biosensors offer great advantages over traditional analytical methods due to
their ability to direct, reatime and labefree detection of many biological and
chemical substances. Moreover, th@pvide additional advantages including high
specificity, sensitivity, small size and caftectiveness. Optical biosensors are the
most commonly reported category of biosensors. Optical biosensors can be designed
as labelffree when the detected signalgenerated directly by the interaction of the
analysed material with the transducer. Alternatively, optical biosensors could the

labels, e.g. chromophores or fluorophores, to generate the optical signal.

The properties of electromagnetic waves, e.g.tligan be characterized by the
amplitude frequency, phase, and polarization state, and all of these parameters can be
utilized in optical detection of chemical and biological reactions. More specifically,
the transduction principles of the optical bioseasmuld be based on changes in the
amplitude, frequency, phase, or polarization of light in response to the physical or
chemical changes during brecognition processes. In general, optical transducers
can be classified into two main groups:cailed passive and active optical devices.

,Q 3SDVVLYH’ tidddnéessH@and Kedl part of refractive indexj)(of the
VHQVLWLYH OD\HU DUH GHWHFWHG ZKLOH LQ 3DFWLY
the refractive index related to either lighsses or light emission (i.e. fluorescence

or luminescence) are recorded. The first group includes ellipsometry, SPR,
interferometry, and fiber optics; the second group includes absorption and

luminescent spectroscopy.
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The key behind the ability of opaitbiosensors to detect the biological analytes lies
on the fact that biological molecules have dielectric permittivity greater than that of
buffer solution and water. Therefore, biomolecules possess the intrinsic ability to
reduce the propagation velociof electromagnetic waves that propagate through

them, whichis sensed as change in the refractive index of the medium [58].

Typical advantages offered by optical biosensors are high sensitivity, possibility of
remote sensing, isolation from electromagndtiterferences, fast and rdahe
measurements, multiplexing, namvasive invivo measurements, andio
compatibility,. The main components of an optical biosensor are the light source,
optical transmission medium (sample tube, glass slide, fiber, wiaegatc.),
immobilized biological recognition element (enzymes, antibodies, cells or bacteria),

and optical detection system.

Optical biosensors can be broadly classified on the bases on transducing principles
and their designs as shownFhig. 2.13 B9]. Most of these methods are outlined in

more details in the following sections in this chapter.

Optical biosensors

l l

Transduction principles: Designs:

Light absorption Spectrophotometers (UV-Vis, IR,
Light scattering Raman)

Fluorescence, luminescence Optrodes, Opticalfibers
Polarization (ellipsometry) Fiber Grating sensors (BG, LPG)
Evanescent field (SPR, LSPR) Planar waveguides

Waveguides SPR, TIRE, LSPR transducers
Interferometers Fabry-Perrot, Mach-Zahnder
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Figure2.13 Classification of optical biosensors

2.3.4The phenomenon of surface plasmon resonance (SPR)

The phenomenon of surface plasmon resonance (SPR) is associated with coherent
electron oscillations that can be stimulated by electromagnetic waves (light) at the
interface between two materials, typically on a mdtelectric interface where the

real pat of the dielectric function changes its sign. In this (lglgctron) interaction,

free electrons in metal respond collectively by oscillating in resonance with the
electromagnetic wave. Such electron oscillations, however, decay exponentially into
both materials with the decay length in range of wavelength of light. This resonance
state is very sensitive to any changes of dielectric function (or refractive index) in the
vicinity of theinterface and therefore can be used as a sensing method for detection
of small changes in the external medium refractive index caused, for example, by

molecular adsorption.

The condition of resonance interaction between the free electrons and the

electronagnetic field is achieved when the componenthaf incident lightwave

vector parallel to the interfacek;)is equal to the wave vector of the surface

plasmon modekg,).
Geal @ AS—4 (2.2)

where Yand Yare dielectric functions of metal and insulator, respectively.

Theincident light wavevector paralleto the interfaceG;will be:

G L Ge <oy (2.3)
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Where &gis the incidence angle of the lighhe componentf light wave vector(k))

can be increased to match that of the surface plasnkgsuéing the methods of

either total internal reflection or diffraction. Sucbupling between light and surface
plasmons igperformed by coupling devices. The most common coupling devices in
SPR sensors include a prism coupler, a waveguide coupler, amdireg goupler.
Kretcschmann configuration which uses high refractive index prism coupler is the
most frequently used method for optical excitation of surface plasmons. In this
technique, the light passed through a high refractive index prism is tafégted

at the base of the prism, generating evanescent wave which penetrates in a thin metal
film deposited on the prism base. The evanescent wave propagates along the

interface with the propagation constant:
G L G (2.4)

The angle of incidencei;can be adjusted to make the wavevektonatching ksp

of surface plasmons. Thevector matching condition is very sensitive to any
changes in the refraction indekthe dielectric medium closed to the thin metallic

film, [60,61,62], which constitutes the main principle of SPR biosensing.

2.3.5SPR biosensors
The surface plasmon resonance (SPR) method found its main application in chemical
and biosensing, because of its relatively easy and inexpensive experimental
realization. The SPR method can be considered as the detection of coupling the
incident electromaggetic wave into the surface plasmons. One of the easiest

experimental implementations of SPR is based onrcafied Kretschmann
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configuration [63,64] shown ifrig. 2.16. The main element of this experimental
setup is a glass prisrooated with a thin (480nm) film of noble metal (e.g. gold,
silver, or cooper); alternatively. Metal film could be deposited on glass slide which
IS in optical contact with the prism via index matching fluid. When a collimated p
polarized light beam from a laser experiencedaltahternal reflection at a
glass/medium interface the reflected light intensity registered with jueseztor
reaches its maximum. It has to be noted that the metal film should be thin enough of
not affecting the total internal reflection condition.Hétfrequency of the evanescent
wave matches the frequency of oscillations of surface plasmons in metal, the energy
of the incident light will be transferred to plasmons, and the reflected light intensity
will be reduced. Such conditions are often refetmeds surface plasmon resonance

(SPR).

SPR can be recorded by monitoring the intensity of reflected light during the
scanning of the beam over the range of angles of incidence, and thus changing the x
component (in the plane of the sample) afdctor. Atypical SPR curve ifrig. 2-16

(b) demonstrates the characteristic points of the resonance minimum, as well as the
point of total internal reflection. The position of minimal reflectance andviidth

of SPR peak of the SPR curve strongly depend on the optical characteristics of the
metal film (i.e. thickness, refractive index, and extinction coefficient) as well as
optical characteristics of the medium because the evanescent caavextend
through the thin metal film into the medium. Therefore, the presence of a coating on
top of the metal film will cause further changes (shift) in the SPR curve, as shown in
Fig. 2.14 Furthermore molecular adsorption on the surface causes further SPR shift.
The optical parameters of both the metal and coating are linked with the position and

half-width of SPR curve. Therefore, the optical parameters of the coating can be

34



REWDLQHG E\ ILWWLQJ RI WKH H[SHULPHQWDO 635 FX

square minimization techniques.

Evanescent wave
The region of critical angle | The region of resonance angle

Gold film Bca Conventional SPR area
. (o]
P- polarizer e
3
. . o
Incident light 2
[
3 @

Laser
”
\ I
Q\ % HRA
Incident angle
() (b)

Figure2.14 SPR Krechmann configuration (a) and the angular dependence of the
reflected light intensity (b).

The reflection coefficient for a-polarized light beam in the glass prism/metal

film/ambient (air) thredayer systengfigure 2) is described ag9:

NesL N 6,>0,% @4 ;?2UA& ;@O0
67 °4,>06,%@a ;>UA& ;O0a

(2.5)

where N L % OI_ 4 KN @E E +KN, @ are reflection coefficients at the interface
(0]

between layersEand FA G is the Fcomponent (in the plane of the film) of the k

vector of the light incident at an angée
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C—;;LGGl\'g%OEJ_agJ5OEJé (2.6)

The function4:G; L Ng-°® experiences a minimum whew - L r; the surface

plasmon resonance is, therefore, observed at:

GLGE- 2.7)

where ¥and Y are dielectric permittivities of the glass prism and the ambient,
respectively, G is wave vector of the incident light in the plane of the surface, and
@ wave vector of the surface plasmon in metallic films

The reflectivity spectrum4:G or its angular dependencé: a; can be calculated
from the parameters of the reflective system using Fresnel's formulas. Optical
parameters of metal film can be found by fitting the experimental SPR curve to the
Fresnel theory using the leasjuare techniqudJsing certain approximations, the
relations between optical parameters of méial (dielectric permittivity ¥; andthe
thickness @) and the parameters of the SPR curve (position of the resompge
minimum reflectivity 4,y 5, and hakwidth of wave vector of evanescent fielgG

havebeen established in the following form [66]:
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Where, YGgl, YGU';lre the real part and imaginary part of dielectric constant

respectively, G  4is the minimum value of the wave vector of evanescent field,

#& are constant.

The equation (2.7) and (2.8) show that the position of SPR minimum depends
entirely on the real part of the dielectric constas; , while 4554 and ¢G
depend on a linear combination of the imaginary part of the dielectric cons¥pt

and the film thickness @ That gives a simple method of estimation of thin metal
film parametershowever, this could be done more precisely using data fitting

software.

The response of the SPR transducer to chemical eshigmical reactions (including
molecular adsorption) can be monitored as the time dependence of the reflected light
intensity at a fixed angle of incidence. In the case of detection of riztyer
biomolecules, such as proteins, it is more appropriate to use the value of the
refractiveindex fixed to 1.42 at 633 nm (which is a typical value for proteins), and
only consider changes in the molecular layer thickness. In the case of the adsorptio
of small molecules in the bulk of the sensitive membrane, the thickness can be
considered to be constant; thus, the shift of the SPR curve is associated with changes
in the refractive indexThe broadening and dumping of the SPR minimum can be
interpretel as an increase in thevilue. The interpretation of changes in SPR curves
depends largely on the preliminary knowledge of the system and requires a great
deal of experienceThe SPR response due to chemical reactions, biochemical
reactions, or moleculadsorption can be monitored as the time dependence of the
reflected light intensity at a fixed angle of incidence. It is worth mentioning that the

choice of the angle of incidence is important for maintaining the linearity and wide
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dynamic range of the sponse. To fulfill the linearity, the angle of incidence is
usually chosen on the left side of the SPR, on its linear part, and as choose as
possible to the SPR minimum, as shownhe typical SPReurve (Figure2.15) the

linear dynamic range ¢4 can be defined as a vertical projection of a left linear
part of the SPR curv&he SPR method has found numerous applications as a film
characterization technique capable of measuring n and k with an accuracy ranging
from 10 to 10°, and the thicknessith an accuracy of I&nm. Because of a high
sensitivity towards n, k, and d, as well as convenient geometry of measurements,
which does not involve light propagation through the ambient, SPR has become very

popular in chemical and biosensing application

Time

Reflactivity R

Light incident angle 8

Figure2.15 The illustration of kinetic SPR measurements at a fixed angle of
incidence.

There are several practical realizations of SPR methods, which can be split into two

principally different groups, namely, spectral SPR and angular SPR. In a typical
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angular SPR experimentsétup, shownin Fig. 2.16 a light beamfrom a HeNe
laser goeshrough the aperture and becomegsagtarized after passing the polarizer is
then modulated with the choppelPart of the beameflected from the beam splitter
and captured with the phoettetector serveas a reference signal channel. The other
part of thebeam targets the semi cylindrical prism, with the gmldted glass slide
attached to the back via index matching fluid. The prism is maintained on rotating
stage. The reflected light is collected with the pld¢tector and forms the main
signal channelThe signals of the main and reference channels are fed into the lock
in amplifier which is fed into PC via the IEEE card. The dedicated software controls

the stepper motor, which turns the stage.

The angular dependence of the reflected light intensitys therefore recorded with
the PC. There exist many other modifications of angular SPR techniques having

different methods of the detection of .. For example, as shown kig. 2.17, the
use of a farbeam allows the registration of thet . curve instantly with the

photodiode.
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Figure2.17 AngularSPR experimenising fan beam light

Spectral SPR instruments depend on recording the spectrum of the reflected light,
when irradiating thgold-coated glass slide through glass prisith white light and

examining the spectra of reflected light. Molecular binding events will lead to
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changedn the wavelength at which resonance occurs, and this can be detected via

changes in the intensity across the spectrum.

2.3.6Localized surface plasmon resonance based biosensor
The interaction of light with nanometsized (sizes smaller than the wavelength of
light) structures of noble metal produces a collective oscillation of conduction
electrons known as the localized surfgdasmons, as illustrated fig. 2.18 The
resonane conditions are established when the frequency of electromagnetic wave
matches the natural frequency of oscillation of free electrons in metal nanostructures,
e.g. nanoparticles; this phenomenon is called as localized surface plasmon resonance
(LSPR). This situation is completely different from conventional SPR when the
evanescent electromagnetic wave propagating along the metal/dielectric interface
interacts with free electrons in thin contingometal thinfilm (see Fig. 2.1B). The
occurrence of LSPR also results in a strong absorption of incident light. The
position of the LSPR spectral band (shown in Fig. 2.19) depends on sizes, shapes

and type of materials of the nanoparticles or rRstnoctures.

Metal Sphere

Electrical Field

NARAS

SRl

Metal

Electron Cloud

(a) (b)
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Figure2.18 Interaction of EM wave with surface plasmons localized in metal

nanoparticles (a), and surface plassioncontinuous metal film (b).

For gold and silver spherical naparticles, the LSPR absorption bands are located

in the visible spectral region, making these materials particularly suitable for
different sensing applications. In addition, changes in the local medium surrounding
the nanopatrticles, caused for example by molecular adsorption, result in a shift of the

LSPR band, which actually constitutes the main principle of LSPR biosensing
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Figure2.19 Typical LSPR spectra in the media of different refractive indié8k

The dependence of tHeSPR wavelengtishift on the refractive index changes has

been described by the following relationship [67]:

AL5 JATBYA (2.10)
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where A Jis the change in refractive index of a mediuBis the refractive index
sensitivity of LSPR transducer measured in nm per refractive index unity (nm/RIU),
d is the effective thickness of the molecular layer (in nm) aigdthe characteristic
electromagetic field decay length (in nm). The expressgoven in Eq. (2.10) forms

a basis for LSPR wavelengghift based sensors. In terms of biosensing, the binding
of analyte molecules to the surface of the nanoparticle causes changes in local
refractive ind& near the nanoparticle surface, which in turn causes the shift the
LSPR peak.LSPR sensor technique employs such changes as a sensing indicator for
the presence of the target molecules. The exponential decay of the LSPR transducer
response in Eqg. 2.9 demstrates the limitation of LSPR method which is related to a
rather short evanescent field decay lengtht¢ns of nanometergs compared to

that in traditional SPR (around 1:300nm) [10] (see the illustration Kig. 2.2Q. As

a consequence of thide thicknessd) of a biesensing layer (for example, a layer

of immobilized antibodies) should be smaller thamotherwise the sensitivity of
LSPR will be compromised. Therefore, the use of small sizeéduieptors, such as

split antibodies, nanbodies, or aptamers is beneficial for LSg#sors [68].
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Figure2.20 Comparison of the effect of evanescent field decay length in
conventional SPR (A) and LSPR (B) biosensing.

The LSPR sensors can be fabricated eitheddpositing metahanoparticles (NPs)

on the surface of glass slides or optical fiber, or by simply suspending metal NPs in
solution to form a solutiopphase LSPR sensor. Various optical geometries can be
used in LSPR sensors; the two most common geometries and modes of operation are

transmissia and reflectio modes are shown Figure 2.21

Spectroscope

Spectroscope

| /

Substrate

‘{ Substrate

Light source

Figure2.21 LSPR detection modes: transmission (left) and reflection (right)

The use of metal nanopatrticles is only one possibility for LS€#ing. These days,

many other types of metal nanostructures are utilized in LSPR sensing, which
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includes norspherical nangarticles or nanoods B9] , naneislands [70], and
nancholes [71] which can be either random in their shapes, sizes, ana late
distribution or ordered metal nanostructures formed by different types of nano
lithography, e.g. electreheam lithography [72], interference lithography [73],
colloid nanesphere lithography [74], etc. Several metals can be used in such nano

structure, most commonly gold [75] and silver [76].

The effect of LSPR is typically exploited in biosensing by monitoring the spectral
shift of the LSPR band caused by binding of analyte molecules to metal
nanoparticles, which could be functionalized with #fecbio-receptors, e.g.
antibodies, or aptamers. The refractive index sensitiBty{ LSPR biosensor found

from the gradient of a linear dependence of the LSPR frequency versus refractive

index [77, 78].

2.3.7Ellipsometry based biosensors.

The method of ellipsometry, which will be described in detail later in Ch. 3, is based
on detection of changes in polarization of light upon its reflection from the

investigated sample. In ellipsometry, the polarization of light is described by two

parametH U V DQG 0 ZKLFK DUH UHVSHFWLYHO\ rfwKH UDW

andrgand the phase shift between them. The relations between the above reflection

coefficients for p and s polarizations of light with the optical constants of the
reflecivH VXUIDFH DUH HVWDEOLVKHG WKURXJK )JYUHVQF
example, in the case of a thin film on the surface of metals or semiconductors, the

values of the thicknessl), refractive index (n) and extinction coefficiel) €an be
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found from the UHFRUGHG Y D O X H VspRdtroscdpi©Q @llipsome@y, the
VSHFWUD RI DQG @ \LHOG WKB @rndWS thé&Jthih RQ FKD
film as well as its thicknesd. Ellipsometry is a very sensitive analytical tool

typically used forcharacterization of materials in semiconductor industry and
microelectronics. The accuracy of ellipsometry measurements (which depends on the
instrumentation used) can reachi®¥6r n andk, while the thickness accuracy can go

down to 10°nm.

The ellipsometry is also capable of detection of molecular adsorption on the surface
and thus can be used in chemicaihd biesensing. However traditional (external
reflection) ellipsometry is hardly used in sensing due to several reasons, mainly
because of the ¢athat the light goes through the detected medium, as showig.in

2.22 This method may work reasonablyell in gassensing in biosensing,
however, the changes in the medium refractive index due to injection of different
solutions can affect the measments. Cloudy solutions cause more problems due to
the light scattering. The design of a cell for ellipsometry sensing create additional

challenges: (i) the cell has tobe made of chemically

Glass window
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las er Omet er de&edo

Sample

Figure2.22 External reflection ellipsometry sensor geometry
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inert materibsuch as PTFE; (ii) it is supposed to have transparent windows which
do not alter polarization of light; (iii) the cell must have a small volume to be
suitable for biesensingapplications. The latter demand is particularly difficult
(practically impossible) to achiev&he above limitations of exploiting ellipsometry

in chemical and biosensing can deercome with the use of total internal reflection
ellipsometry (TIRE) [79,80, 81]. This method combines the advantages of highly
accurate spectroscopic ellipsometry instrumentation with experimental convenience

of Kretchmann SPR geometry. ABownin Figure 2.23, theaddition of a 68prism

to
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Figure2.23 The scheme of TIRE (a) and typic@land ATIRE spectra of gold

coated glass slide (b).

standard spectroscopic instrument allows coupling light into a thin metal film at
conditions close to total internal reflection (between glass n=1.515 and water
n=1.33). A cell of a very small volume can be attached underneath to perform

various biochemidareactions. The main differenckdetween SPR and TIRE is that

in TIRE the spectra of two parameters, e.g. amplitude related L P =% IyoN

47



and phaseU HO D W H G5 E 1 ; can be recorded, while only the amplitude of p
polarized light was recorded in SPR. As one can see figm2.23d, the spectrum
of 2:4&; closely resembles the SPR curdea; At the same time, the spectrum of
.| ; exhibits a sharp, almost vertical drispm ty rito {r2at the wavelength close
to the surface plasmon resonantke SDUDPHWHU O LV DERXW WLPH
WKDQ WR FKDQJHV LQ W KireWd{ b Fislertdar Vay& on thel IlUD FW

surface of gold, so that: | ;spectra are mostlysed in TIRE biesensing [82].

The method of TIRE was successfully exploited for detection of small molecules of
mycotoxins, pesticides, alkylhenols [83] in low concentrations down to 0.1 ng/ml

in direct immuneassay form with specific antibodies immobilized on the surface of
gold, while the sensitivity of conventional SPR was not sufficient for such tasks.
Recently, the transducing method of TIRE was successfully adapted for LSPR bio
sensing because of 3 to 4 times higher refractive index sensitivity (RIS) in
comparison with traditinal UV-vis absorption spectroscopy [84Nith the use of
smallsize biereceptors, i.e. sphantibodies and aptamers, covalently immobilized
on the surface of gold nasislands on glass slides, the detection of mycotoxins on

concentrations down to 0.0f/ml wasachieved [85].

2.3.8Interferometry sensing methods.
The extraordinary sensitivity of interferometry sensors is due to their operational
principle which is based on the interference of two electromagnetic (EM) waves
having different optical path length In a typical interferometry sensor, one of the
EM waves interacts with the medium (it could be named as a sensing channel), while

the other one is not affected by the surrounding medium as thus serves as a
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reference. When botlvaves meet and interferthie intensity of the resulting light (1)

is a periodic function gbhase variation (1) [86]:
ssrnsyr T:L VE WE t¥ ... o T; (2.11)

where +and + are the light intensities of the sensing and reference channels,
respectively. This dependence is shawifrig. 2.24where each peak corresponds to

t e phaseshift between the sensing and reference channels. This phase variation can
be related to thehanges in the medium refractive index or to molecular adsorption

or bio-molecular interaction in the sensing channel, [87]

Normalizes Intensity

Figure2.24 Interference pattern: the variation of the light intensitplase shift

A large number of interferometry methods have been developed, some of them were
utilized in biosensing applications. The most common interferometry sensors are

outlined in the following sections below.
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2.3.8.1The Fabry-Perot interferometry
Biosensors based on interferometry are the most sensitive optical devices. There are
several interferometry methods which are employed in biosensing, and the Fabry
Perot interferometer based on porous silicon (PS) is one of the simplest examples of
those [4]. This method relies on the interference of light reflected from the two

interfaces, e.g. SiI/PS and PS/medium, as shiowig. 2.25[88].

Relative intensity

porous silicon
n=1.80

solid sil:isc% 5(;0 660 7(;0 8(|)O
Hss b Wavelength (nm)

Figure 2.25 The structure of Fab#lperot interferometrpiosensor based on porous

silicon (a), and typical interference spectra patterns (b); the shift between the spectra

1 and 2 is caused by protein adsorption.

The observed interferometry fringes appeared as a result of constructive interference

following the conditions for the maximadtensity,[89]:

la LtJ@

(2.12)
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where J and @are the refractive index and the thickness of the PS layer,
respectively, and | L s& &i& The number and positions of interference fringes
depend on the refractive indexJ of PS layer, which consisted with Silemns
separated by voids. Changes in the refractive index caused by adsorption of guest
molecules, such as proteins, in the voids of PS layer lead to the shift of the
interference pattern (see Fig. 2.27b). The concentration of absorbed molecules could
be quantified by such spectral shift. Despite its simplicity, the method of Fdmot
interferometry has an advantage of a large surface area, which may absorb analyte
molecules in much larger concentrations (frorf tt0O10® times) than that on the flat
surface, which leads to the substantial changes in refractive index, and subsequently
to a large spectral shift of the interference pattern, and thus high sensitivity of

molecular detection.

2.3.8.2Mach-Zehnder (MZ) interferometer
In an MZI device a polarized monochromatic light is coupled into a channel
waveguide and split & Y-junctioninto two branches as showmFigure 226. One
of the branches represents a reference arm while the other one, having a sensing
window, can interact interacting with the sample. The two spited light beams are
recombined again by anotherjinction, where the two light beams have a phase

differencedue to the changes in the refractive index that occur in the sensing path.
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Figure2.26 Schematic diagram of Macehnder interferometric sensor

The phase variation can be expressed a980

g LY. 0guu (2.13)

where . is the length of the sensor areis the wavelength of the light an@g y s
the effective refractive index. The phase variation leads to variation in the intensity
of the output light which cabe collectedy a photodetector or a CCD camera:

+R > E8?K0O? (2.14)
where 0 L :0g F 6;;is the phase variation between the guided modes in the
reference : 0 ;and sensing arm: ¢; ;.
The visibility factor (V) determines the difference between the maximum and
minimum intensities; it depends on the coupling factor of the divisor and on the
propagation losses of the guided mode in the interferometer arms.
The relevant parameters influ@émg the sensitivity of a MZI configuration are the
interaction length (L), the visibility factor (V) and the relative phase variation

between the sensor and the reference arfdy iy This configuration has achieved
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high sensitivity. However, thereastill some drawbacks of this method due to the
cosinetype intensity distribution of the interference pattern, that involves: (i) a phase
ambiguity of the signal due to its periodicity, (ii) possible misinterpretation of the
signal due to intensity flugations of the light source and (iii) sensitivity fading
when the signal is tuned close to one of the extreme values toatisenission curve

[ 96, 97, 98, 100].

2.3.8.3The Hartman interferometer (HI)
In this method, the light is divided into two beams bgpéitter outside the chip,
which then are coupled to the slab waveguide using gratings. In the chip, the light
pass through contiguouggionsone of them functionalized with specific (sensing
path) or norspecific receptors (reference path), as shawirig. 2.27. The light
outputs from both regions using gratings, then combined via a lens, generating an
interferogram in a CCD camera. This configuration overcomes the issues related to

the sinusoidal signal bsignal processing usirfgst Fourier transfornFFT).

Gratlng

Sensor 2D Array Detector
Reference l
Beam Splitter .
I > -
Lens -
Wavegmde

FFT

100 200 300
Time

Figure2.27 Schematic diagramf Hartmaninterferometer

53



The crosstalk effect between sensing and reference beams which highly increases the
noise in the detection, limits the sensitivity of this sensor configurationeover,

[101].

2.3.8.4The Young interferometer (Y1)

In this method the light is coupled inchannel waveguide then split by adwisor
into two beams, one of them travels through the sensiregaare the other through
the reference path, as shown Fig. 2.28 The output light from both paths is
projected onto a CCD sensor; the recorded integiam is analysed using FFT.

In this configuration the optical path lengthH difference of the two beams

interfering on T position at the CCD array pbsition is given by, [98, 102]:
ae
¢ HL 0 U (2.14)
/2

where Jis the refractive index,S is the distance between the two outputs of the
integrated opticalUbranch, and & is the distance between the chip edge and diode
array, respectively; normally& ( S. The phase difference¢,d between the two
beams is given by:

6 6 aeé

5L HLX2y (2.15

U u

Where &, is the wavelength in vacuum.

The Young Interferometer sensors can achieve high sensitivity and unambiguous
signals, however the required distance between the waveguide output and the CCD
sensomakes it more affected by mechanical vibrations and less suitable to use it as

portable deice [103].
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Laser source

|
Young waveguide i
| -

-
.

D CCD array

Figure2.28 Schematic diagram of Young interferometer

2.3.8.5Dual polarization interferometry (DPI):
This sensofshown Figure 2.29uses two slab waveguides and an additional layer is
placed between both waveguides to provide effective optical isolation, the lower
layer is the reference waveguide and the upper layer (opened to environment) is the
sensing one [14]. The resulted diffton pattern is projected at CCD array for data
processing. The diffraction pattern can be described by a set of fringes modulated in
the Udirection and enveloped in Gaussian function. For a propagation over a
distance & maxima and minima of intensitghould be separated by a distance

according to:

=L— (2.16)

Where ais the wavelength and$ the separation of the sources.
There is a linearelationship between the position and phase, and it is possible to
find the relative position shift T of the fringe maxima in terms of the 6[58,

104, 105];
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Sensing window
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! D

Double core waveguide CCD array

Figure2.29 Schematic diagram of Dual polarization interferometry

2.3.8.6Bimodal Waveguide interferometer (BIMW)
In this technique two modes of light of the same polarization and wavelength but of
different orders (TEO and TE1) travel while interfering in a straight waveguide.
Light is coupled in a singlenode waveguide in which only TEO can propagate, then
after sane distance, light is coupled into another waveguide can support two
transversal modes. So that, in the step junction, TEO and TE1 are excited and both
propagate until the end of the chip. The interference of bwibes when a bio

interaction occurs on theensor area produces a phase variation according to [98]:
P 6 6 . ] . . ) .
O0L—. Ogyd-—-:0g0ih's: F Ogyib 'as; (2.18)

Where L is the length of the sensor area and | is the working wavelength.
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In this device shownn Fig. 2.30 the output light is projected on a twsection
photodetector generating currentg &nd kown in the upper and lower sections,
respectively. These values are employed to calculate the signal (S) which is

proportional to the phase variatigqb according to the expression, [98]:
ROTMWAY R eGP (2.19)
U

From this equation it can be deduced that the interference pattern is independent of
the light intensity and the output signal is not sensitive to fluctuations in the coupling
efficiency. Furthermore, the signal will not vary by fluctuations in the injgint

[98, 106].

Light out

Sensing window
Bimodal section

Modal splitter

Single mode sectior

Lightin

Figure2.30 Schematic diagram of Bimodal Waveguide, and distributions of
electromagnetic fields sketched in several points through the wavdgQidie
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The BiMW device hasdemonstratedhigh sensitivity However, this configuration
alsohasdrawbacks of phase ambiguity which leads to sensitivity fading that requires
normalizing the signal output to solves the misinterpretatibms easy to conclude
from the above, that the devices tlansist of channel waveguides (MAl|) are

more complex for fabrication than the devices based on slab waveguides (HI, DPI).
While, the signal processing of slab waveguides is more difficult for multiplexed

detection since parasite light and crosstallsintie minimized, [98, 107].

2.3.8.7Polarization interferometer

This device consists of a single channel planar waveguide. The widow in the upper
cladding layer exposes the core to environméfiten the polarized light propagates
through the core of the waveguide and pass the sensing windowcatsgonent
(parallel to the plane of incidence) penetrate into the medium and could be affected
by changes in the medium refractive index. At the samme,tscomponent of
polarized light (perpendicular to the place of incidence) is much less affected
(practically not affected) by the mediuand itcan serve as a reference. A phase shift
between pand s components of polarized light can be employedhdgator of the
changes in the refractive index or optical propertyhef medium As illustratedin

Fig. 2.31, suchchanges can be caused by molecular adsorption or binding of analyte
molecules to bieeceptorsimmobilized onthe surface. The output sig of
polarization interferometeiorms by converting changes in polarization of light to
the light intensity using a linear polarizer. The resulted apdtiodic output signal

is described by according 1© D O Xdarrfiwa [108, 109]:

+. L +%Ke (2.20)
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Where ais the angle between polarizer axes and polarization of lighnd +; are

the intensity of the light before and after polarizer, respectively.

Linear polarizer
. Detector

Light source | p-s Shifting

Light intensity

S0 OO0 N Q007

360 |

p-s phase 0O 45

Figure2.31 Mechanism of generate Pl signal, convert the change in polarization

state to change in light intensity via linear polarizer.

The operation principle of Pl is very similar to that of MZ interferometer; but the
main advantage of Pl is in the simplicity of its design which makes it very attractive
for biosensing applications. There were several attempts of utilizing OPW PI devices
in bio-sensing and demonstrating potentially remarkable sensitivity of such devices

[110, 111], but they were not followed by commercial applications. The current PhD
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project mainly focuses on further development of OPW PI biosensors as a platform

biosensing technology for a wide range of applications.

2.3.9Fiber-Optic Bio-Sensors:
The lighttravelling through the optical fibre is not usually affected by surrounding
environment unless suitable configuration changes were made to allow the EM wave
interacting with the external medium. The removal of the cladding layer allows the
evanescent fieldf the core mode to react with the surrounding medium. The
penetration of the evanescent field outside the core boundary can be exploited to
probe the surrounding environment using different sensing techniques which include

[112]:

changes in the output yer due to refractive index changes alone
evanescent field absorption,

fluorescence,

~ O~ ~ ~

Surface Plasmon Resonance.

When light propagates through an optical fibre by repgattal internal reflection

at the corecladding interface, in absence of the cladding layer in the part which is
designed to work as a sensor, the radiation extends a short distance from the guiding
region into the medium via evanescent field which aquamy the total internal
reflection. The evanescent wave may interact with the environment by means of
refractive index changes, absorption, or scattering; the power associated power

losses can be described a$3jL

(4l ?ap;

2éég|— 2Ua (2.21)

‘ai?&
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where Jsis the refractive index of the cordgis the refractive index of the cladding,
Jxis the refractive index of the sample surrounding the c@eyepresents the
power coupled into the gied modes of the fibre from the source, alg is the
power coming out of the fibre sensing region to reaehdetector [14].
2.3.9.1Evanescent field absorption:
This method relies on fact of decreasing the output light intensity due to its
absorptionby the analyte which depends on the analyte concentration. The power
transmitted by an optical fibre whose cladding has been replaced locally by an

absorbing medium may be written in the form:

2:V L 2:Kt§'FOVY (2.22)

where 2:1;is the power transmitted in the absence of absorbing spedias,the
distance along the weladded fibre length, and) is an evanescent absorption

coefficient [15, 116].

2.3.9.2Fluorescence.number sections properly
This method relies on detection of fluorescence that can be induced by the
evanescent field, and which indicates the presence of the analytledse82. The
most common method is the use of sandwich assay, with primary antibodies
covalently bonded tthe surface of the fibre. Then, the target anahytdecule that
binds to the antibody is introduced; the presence of this biomolecule is then
confirmed by binding a secondary fluoresekatelled antibody, which fluoresces

when excited by the evanescerawe in the optical fibre [19, 117].

61



Laser Optical Fiber

Probe
— .
- J

Excitation light

Fluorescent light

Detector

J

Spectrometer

Figure2.32 The principle of optical fibre sensing based on fluorescence

In this method, the surface plasmons, e.g. the oscillations of free electrons in thin
metal layer coted the fibre core, are stimulated by evanescent field. When SPR
occurs, the intensity of reflected light is greatly reduced. The shift of the resonance
due to adsorption (or binding) of analyte molecules on the fibre core surface can be
monitored by the angle or wavelength of the output light, similar to Kretschmann
SPR. Moreover, the use of optic fibres has certain advantages over traditional prism
based BR, i.e. more simple, small, and flexible design which also allows for-multi

channel and remotensing [18].

2.3.9.3Fibre grating sensor

Optical fibre grating sensors can be classified into two groups having either (i)
shortperiod gratins with the gratingitch in order of hundreds of nanometres and
called fibre Bragg grating sensors (FBGS), or (ii) lgegiod gratings sensors

/13*6 ZKHQ WKH PRGXODWLRQ SHULRG UDQIPHV EHWZ

120]. Fibre Bragg Grating (FBG), in simple words, isnaror for a narrow band of
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wavelengths passing throughtical fibre as illustratedn Fig. 2.33 It is transparent

for other wavelengths, which pass unchanged through the fibre. This wavelength
specific, mirrorlike effect is achieved by creating a elic change in the effective
refractive index of the fibre core. If the wavelength propagating through the FBG
has a period which is a multiple of the period of the Bragg Grating, such that all the
reflected components interfere constructively (while gmdvwvaves have destructive
interference), the wavelength will be reflected. For the case of a constant periodical
index modulation, the backward constructive interference ocouaisnarrow range

of wavelengths around the Bragg condition which can beemrdown as, [18:
aL tdgy& (2.23)

Where 4 is the wavelength of a lightJg gig the effective refractive index of the

core mode andis the period of the refractive index modulation.

Transmitted spectrum

Incident spectrum ‘
Reflected spectrum Bragg grating
A
»i -

<&

Optical fiber
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Figure2.33 Fibre Optic Bragg Grating sensor principle
The reflectivity of Bragg grating is affected by grating strength and length. The

increase of the magnitude of the refractive index changes ajrdtmg structure
enhances the reflectivit{Fig. 2.34) Moreover increasing the Bragg gratingngth
increases the reflectivity which can reach almost 100% in a few centimetres long

section of a fibre.

Cladding

=Ry
e e
Core

(b)

Cladding

2.7/ ..

\—Y_}

|
(a) Bragg grating

Figure2.34 The effect of the grating length on reflectiviil light spectrum going
through the grating zone except Bragg wavelength (a), Each line of the grating
contributes to reflect part of the light for the particular wavelengach line in the
grating reflects back some of the light for the particular wavelength hundreds of lines
enough to complete reflection all of the wavelength is reflected back (b).

The Bragg wavelength of an optical fibre grating is a function of &taQJ SHULRG
and the effective refractive index.gh of the fibre core according to equation (2.23).
Thus, any changes in the refractive index or the grating period due to external

factors, e. g. molecular absorption, will change the Bragg wavelength of the device
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and can be detected éither the reflected or transmitted spectra of FBGs. Therefore,
fibre gratngs are excellent elements for sensing applicatiand the basic principle
RI LWV RSHUDWLRQ LV WKH PRQLWRULQWitRtheVKH VKL

changes in refractive ind¢£22].

2.3.9.4Long Period Gratings:
A Long Period Grating (LPGIis a periodically changing structure along the fibre,
similar to that of a Bragg grating. The period is however, much large, on the scale of
a hundredof micrometers or even millimeters, so that Long Period gratings are
generally easier to inscribe; thegrcbe written directlynto the cladding on the
external surface of the optical fibre. While the Bragg grating acts as a mirror for the
light propagating through the core mode, the Long Period grating couples the light
from the core modes to the -poopagéing cladding modes. As light cannot
efficiently propagate in the cladding, meaning that it is scattered and attenuated quite
fast, the Long Period Gratirtgkes away the core wavelengths which piraa&ched

with its period,as shown in Figure 2.3923, 124, 125)].

For the wavelengths of the light propagating trough the fibre, which match the LPG
period, upon interaction, LPG changes the modes direction and the core mode is
coupled into the cladding mode. As light cannot propagate far through the cladding

due to scattering, the LPG acts as a wavelength filter.

The phase matched wavelengths occur in the transmission spectrum as a loss dip in
the spectrum, the coupling wavelength is given by the pimagehing conditions

described by the followingquation [23]:
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l8aeAl Kyazdh F WpoxxiBo& (2.24)

with | being the order of coupling, &is the period of the gratinng/JAB@X x UAUIS
the refractive index of theEnode of the cladding, andl: &; is the refractive index
of the core. If the LPG changes due to the temperature, humidity, as well as

mechanical stresses, the parameters of the coupling equation do also change,

resulting in the loss wavelength shift at the output end.

Fundamental guided mode Cladding modes

_ Intensity
Intensity

wavelength wavelength

(b)

(c))

Figure2.35(a) Schematic illustration of principles of LPG, and (b) transmission

spectra of LPG fibre.

Therefore in LPGS several attenuation bands at discrete wavelengths appear in the
transmitted spectrum, with each attenuation band corresponding to the coupling to a

specific cladding mode. [B2. LPG sensor consists of long period grating fibre
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coated by biologicalacognition layer which enables the surface of the fibre to bind
the target molecules. Binding the target molecules give rise the changes in the
refractive index that surrounded the fibre and thus shifts the Bragg reflected
wavelength in FBG sensor or chanipe transmission spectrum in LPG sensov[12

128].

2.3.10Raman spectroscopy and SERS biosensors
The method of Raman spectroscopy, particularly its latest version of surface
enhanced Raman spectroscopy (SERS) is one of most promising spectroscopic
techniques for bisensing applications. It is worth to be mentioned here because it is
strongly linked vith the metal nanostructures. Raman spectroscopy is based on the
phenomenon of inelastic light scattering arah provide characteristic IR spectral

signature characteristics for a wide variety of chemigzls 2.36)

When photons are incident to thargde, they can be scattered elastically (with no
changes in energy) or-glastically (with changes in energy). Raman spectroscopy is
based on inelastic scattering of photons following their interaction with vibrating
molecules of the sample. During thistéraction, photons transfer energy to/from
molecules as vibrational energy. Thus, the energy change of the scattered photons
corresponds to the vibrational energy levels of the sample molecules (see Figure

2.33A) [129, 130, 131].

subsequently focused aam array of detectors, such as a high sensitivity charge
coupled device (CCD). The spectrometer is equipped with a filter to reject the
elastically scattered photons, which have the same (high) energy as the laser photons

and produce an intense peak whitiiminishes all much weaker Raman peaks. There
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is another technigue, when optical microscope is coupled to the spectrometer named

Raman micrespectroscopy to enable both excitation and collection of Raman

spectra in micro scale.

Since the probability of Raman scattering event is very low (in one out of million
molecules), the Raman vibration spectral lines have very low intensity, which

constitutes the major drawback of traditional Raman spectroscopy.

Laser source

A
& Raman spectrum

Diffraction grating

Sample m——

(a)
Virtual state Raman photons 4
| 4 LT h(v(-vs) =)
4 - ARy >
. y h(v;-v3) =z
LASER T
2 i — Y1  h(vi-va) 5
hv, Ez ANy &
h(vi-v,) =
By —— — v AN 'E"‘
&
Eo = 5 A
Fundamental Vibrational Energy Intensity
Levels (v=0) of the Samples
(b)

Figure 2.36 (a) experimental setp for Raman spectroscopy measurements, (b)

Schematic representation of Raman (Stokes) scattering of photons by vibrating
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molecules in the sample: energy is transferred by photons to the molecules as
vibrational energy, the energy fsorrespond to the vibrational energy levels of the
PROHFXOHV ( ( «

The recent progress in this field is associated with the phenomenon of surface
enhanced Raman spectroscopy (SERS),[182)vhich the probability of Raman
scattering events is substially enhanced (up to 1@imes according to some
reports) if they occur on a rough surface. There are several chemical and physical
factors behind the Raman enhancement, the main factor is the enhancement of EM
field on sharp edges. The initial SERS pexments were performed on
electrochemically roughen silver surface [133.]. These days a substantial Raman
enhancement (of £a.0° folds) was observed on metal nanostructures [134]; this
effect goes sidéy-side with LSPR. Recent progress in nanotechnglpgrticularly

in fabrication of metahanostructures, promoted the application of SERS in

biosensing [135.].
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2.4 Conclusion

There are two main trends in mycotoxin detection methods: the traditional analytical
techniques and biosensoi&aditional techniques involve wide range of methods
from rapid tests which are easy to conduct, to high precision and high performance
methods which are more time consuming and more expensive.

The rapid methods include through membrane based immunoaszgme linked
immunosorbent assay (ELISA), fluorometric assay with imraaifioity cleanup
column, immunechromatographic assay, and fluorescence polarization method.
These rapid methods have detection limits range between 1 to 20 ppb and requires
time (525) minutes, and the basic principle of each of these have been briefly
explained in this chapter. The traditional analytical equipment that have more
accurate and lower detection limits are the high performance liquid chromatography
(HPLC) and mass speoimetry, they provide detection limit in the range of ng/ml.
These techniques are laboratory based, complex and more expensive comparing with
other traditional methods.

The other trend is the biosensors which are integrated devices, easy to use, and
providing satisfying sensitivity. Biosensors typically consist of three main parts: bio
receptor, transducer, and signal processing system. Classification and brief review of
different types of biosensors was given in this chapter.

Since this work focuses onhd development of novel optical biosensing
technologies, optical biosensors were discussed in more detail. Traditional optical
biosensors are based on detection of changes in the optical properties of the materials
induced by reaction of target moleculeghabio-receptors, for example changes in
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absorption spectrum, fluorescence, refractive index, polarization, etc. Among a large
number of optical biosensors, the interferomd&taged methods offer the highest
sensitivity. For example, the biosensors basedlachZehnder interferometers are
capable of detection of molecules in gutb range.

Therefore, this project was dedicated to further development of interfercbaestey
biosensors, using polarization interferometry principles and simple planar wéegu

geometry. The aims and objectives of this work were outlined in Chapter 2.
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Chapter 3: Physical foundations of optical

waveguides
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3.1 Introduction

This chapter presents the theoretical background of light propagation through the
waveguide whichs required forboth the waveguide design and simulation of its

performance.

The phenomenon of total internal reflection which is the key point for unddmsta

of EM wave propagation through the waveguide, is described in detail using
Fresnel's equations. In addition to describing the amplitudes of reflected and
transmitted EM waves, Fresnel's theory was used in this project for calculation of the

phase slii between pand s components of polarized light.

The GoosHanchen theory describing the lateral shift of the EM waves during total
internal reflection was considered in this work when calculating the number of

reflections in the waveguide.

The waveguding modes of EM waves propagating through the waveguides were
described using two alternative approaches, e.g. the geometricalrapptand

Maxwell's equations approaches.
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3.2 Theoretical foundations

A waveguide is a structure confining and guiding the electromagnetic waves in a
particular direction. Optical waveguides are the key elements of photonic devices
that perform guiding, coupling, switching, splitting, multiplexing and- de
multiplexing of optical signals [1]. In this project, the interaction of the light
propagated through the waveguide core with the surrounding medium was utilized
for sensing applications. The propagation of the electromagnetic waves through the
waveguide is governedy Maxwell's equations, so the required parameters of the
waveguide can be found by solving Maxwell equations. This approach, however,
could be quite challenging, while an alternative much simpler classical geometric
approach of ray optics can provide daapproximation for waveguidaodelling R,

3, 4, 5).

To understand the mechanism of propagation of electromagnetic waves and physics
events accompanied it, we need to review the physics of waves and how they interact
with the medium, particularly, at thé Q W H UbbDndadyf rherefore, this chapter
begins with outlining the main physics parameters and phenomena of the traveling
EM waves, which include the total internal reflection, Fresnel equations, modes of
propagation, and the accompanying changeshas@ and polarization. Then the
calculation thewaveguide parametersuch as propagation angle, number and type

of modes, polarization, will carried out using both the geometric ray optics

(condition equation) method and Maxwell's equations approach.
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3.2.1 p-and s polarized waves

To analyze the behavior of crossing the boundary between two different media it
is convenient to consider two types of linearly polarized waves which are based on
the electric field vector direction [3Fig. 3.1 illustrateghe reflection of EM wave

OLJKW LQ ZKLFK 38S" SRODUL]DWLRQ ZDYH KDV WKH

plane of incidence, while the magnetic field vector perpendicular to it, and it is also
called as transverse magnetic (TM) modeK H 3V~ StROviaklhps the electric
field vector perpendicular to the plane of incidence and it is also called as transverse
electric (TE) mode; the magnetic field vector lies in the plane of incidence. Because,
the majority of optical phenomena considered irs thiork are related to electric

field, the notations of-and p polarizations will be used throughout the thesis.

(a) s-polarization (b) p-polarization

¥ (1nto paper)

Figure3.1 Definitions of s polarizations (a), and-golarizations (b) of lighf3].

Any other electric field direction can be resolved through electric field components
E/l ( or ) and 'p(or E)). These two components experience different phase
changes, zand 1p, and consequently require different angles to propagate along

the waveguide, [3, 6, 7, 8].
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3.2.2 Interaction of light with medium
In this section we briefly review the interaction of EM waves with rtiegerials,
which can be discriminated to dielectric magdsi (or insulators) that have no free
electriccharges andonducting materials (metals and semiconductors) which have

mobile electric charges.

The electromagnetic wave (light) induces polarization and oscillations of electric
charges in molecules and atoms in the medium. The ability of a medium to respond

WR WKLV H[FLWDWLRQ LV GHVFULEHG E\ HOHFWULF
SHUPHDEDOOLXWHOOTYVY WKHRU\ XVHV WKHVH TXDQWLWLH

propagation of EM waves in a medium.

OD[ZHOOfV HTXDWLRQV FDQ EH VROYHG IRU D GLHO
assumed to be insulating, nonmagnetic, and isotropic, so the relatinittipity Y

is independent of the direction, then the solution becomes quite simple and leads to
OD[ZHOOYV (0 ZDYH RkmiWelvelerghR Bdth/of which depend on

Y,. In a dielectric medium of relative permittivity , the phae veloity Ris given

by [9,10]:

5

¥vYuu

RL

(3.1)

The ratio of the speed of light in free space to its value in a medium is called the

refractive index J of the medium which can be written as:
o)
JLoL A (3.2)

In non-crystalline materials (such as glasses and liquids) the value of refractive index

doesn't change with direction of the light propagation, because the composition of
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the material is homogeneous in all directions. While in crystalline materials

refradive index is not the same for all propagation directions due to difference in the
atomic arrangement and interatomic interaction. Moreover, the refractive index has
dependence on the frequency of light, so that the difference of the refractive index on
the light frequency for the medium is considered to be one of the most important

characteristics materials.

The EM wave may lose its intensity due to the light absorption, when the light
energy matches the available energy state in the atoms or moleculhse ¢o
scattering from molecules or atoms. This attenuation is generally accounted by
describing the medium in terms of a complex relative permittivity (etediric

constant) Y, that is [10]:
%L YFFr2 (3.3)

Similarly, the waves that travel in a medium and experience attenuation can be

generally described in terms of complex refractive index N
OLJFFG@G (3.4)

where J is the real part, andds the imaginary part of the refractive indesjled as
extinction coefficient. Typically, the optical properties of materials are described by

frequency dependencies of n ar@

The solution of0 D[ZHO O TV H T X DavWiaReQidphgatiiylodd @zligection,

which is described d40]:

CL g A TP (3.5)
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Where ' 5 is the constant complex vector that represents the transverse electric field
inthe <L rplane, Gs the attenuation coefficient of the optically isotropic medium,

fi is the angular frequency, and t is the time. The facr’' indicates that the
amplitude of wave decreases exponentially with distanbeh is illustratedn Fig.

3.2. This means that the energy of the wave is absorbed byékd@m during the

wave propagation.

Figure3.2 The attenuation of light propagating through the absorbing medium.

Figure 3.3 showghe normal dispersion characteristics, e.g. frequelependences,
of nand k which is typically exhibited by transparent substances. The absorption is

strongest at theesonance frequencyis
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real
imaginary

Wy w2

Figure3.3 Dispersion characteristics of refraction and extinction coefficients in
dielectricg[11].

In conduction medium the electrons are not bound, so there is no elastic restoring
force as there was in case of dielectric, so that the real and imaginary parts of

refractive index are equal and are given by:
J NGN §6— (3.6)
U

So the amplitude of an EM electromagnetic wave reduces exponentially and reaches

A’ of its value at the distance ddwhichse FDOOHG 3VNLQ GHSWK’
. t
UL WK (3.7)

This explains why the highly conductive materials are opaque and have a small skin
GHSWK 7KH W\SLFDO EHKDYLRU IRFigQ3.D aénddxbfJDLQVW
refraction n is less than unity for wide range of frequency, while the extinction
coeffident k is very large at low frequencies, so that the metal seem to be more

transparent at high frequencies.
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Plasma frequency

Refractive index

Opagque Transparent region
| High-reflection

region

Wp

Figure3.4 Dispersion characteristics of refraction and extinction coefficients for
metals[10].

, I WKH RSWLFDO |UHT XHI@ Felectri¢ fieddRvdIHignad{eDigo te
material. If the material is thick enough, all the incoming wave will be reflected. If

WKH RSWLFDO |UHT XHtlematenal Kecdriteld tlansperbn &

The presence of both free and bound electrons in semiconductors or poorly
conducting materials contribute to their optical properties and make the theoretical
calculationscomplicated,so that the experimental approaches seem to be much

easief[10, 11].

3.2.3 Fresnel equations
The Fresnel equations, that determine the reflection and transmission of light at and
the interface between two media having different refractive indices, are among the

most fundamental findings of classical optics. Fresnel equatiouglprexplanation
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and mathematical rules for optical phenomena, which determines the performance of

the optical systems, particularly the waveguides. These equations were derived by
AugustinJean Fresnel in 1823, and they relate the amplitudes, phases, and
polarizations of the transmitted and reflected waves at the interface between two
transparent medihaving different refraction indices. The results of this theory are

fully consistent with the rigorous treatment of light in the framework of Maxwell

equat RQV 'HULYDWLRQ RI WKHVH HTXDWLRQV DUH EDV]I
conditions for the electric and magnetic fields at an interface between two media

with different electromagnetic properties. One of the first results of this theory in

1872 was stimating the intensity of light reflected from the surface of a dielectric,

as a function of the incidence angle.

Fresnel equations predict the ratios of the intensity of the reflected and transmitted
light to the intensity of the incident light, and these ratios were called the reflection
coefficient NL ' 32"y and transmission coefficieRL ' @' ((see the illustration

in Figure 3.5).

ny = y/Enfin N2 = vErafinz

Figure3.5 Definition of Fresnel parameters.
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The polarization of the incident EMave perpendicular to the plané reflection

can be distinguished as-polarization (transverse electric TE mode); apd
polarization (transversmagneticTB mode) corresponds to EM wave lying in the
plane of reflection. Each one of these polarization states has its own reflection and
transmission coefficients. Fresnel eqoatipresents the reflection coefficientr

=Er/E, and transmission coefficientt =E/E, for these two modes. Thus, for s
polarization, the reflection coefficient of reflected waves beanescripted b y[3,

12, 13]..

amqg?¥a- ?2aeUa

N L (3.8)

amo>¥a- ?2aeUa

And, the transmission coefficient of the transmithed/ebeam is described as

following;

604
" Hawva 2204

(3.9)

While for p-polarized incident beam the reflection and transmission coefficients are:

& amq?¥a ?2eUa

N L (3.10)

a amg>¥a ?2:elUa

6a-amgq

3 (3.11)

& amog>¥a ?aeUa

When lightapproaches the boundary from the higher index side, that iB Jg the
reflection is saido be internal reflection and at normal incidence there is no phase
change. On the other hand, if light approaches the boundary from the lower index

side, thatis Js O Jg it is called externateflection.
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3.2.4Intensity of reflectivity and transmissivity:
For practical purposes, the intensities of the reflected and transmwittees (Fig.
3.6) are more useful than reflection and transmission coefficients, thusrelseel

equations can be written in terms of waves intensity 4s [1

%’(' 6
4L—-CL N (3.12)
o0& & g
4' L(;A—OB' 3.13
E=¢oa & ¢ ( )
Y o
4 xUa & w (3.14)
elUag g

6 L S8elUpxeladbasgdasn

— — 3.15
eUag pO0dae & g ( )
e lUpaladbamam
6 L o Tra— (3.16)
J- R
External reflection . Internal Reflection
— Ry , — Ry =
T w0 — Ry | 0 —Rp %0
2 =
E il % S
E
g 40 R of total
= ange of total
2 I internal reflection "
v
I~ -
0 10 22 M 40 % 6 0 8 % 0 10 220 30 40 S0 & 70 H 9
Angle of incidence 6; (°) Angle of incidence 6; (°)
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Figure3.6 Magnitude of the reflection coefficients rs and rp vs. angle of incidence

for external (a) and internal (b) reflectigisl].

325% UHZVWHUYV (IITHFW

At particular incidence angle called Brewster angle the reflected and refracted
light rays are perpendicular to eadther (Figure 3.7) Simple geometrical

considerationgive the following formula for Brewster angle:
P=3 L (3.17)

According to Fresnel equations the value of reflection coefficient-pblarized
waves :4¢; will be zero. So, in this condition there is ngg@larized light reflected,

and the reflected light will be linearly polarized.

|ncident_ ray Reflected ray
(unpolarised) : (polarised)

Refracted ray
(slightly polarised)

Figure3.7 % UHZVWHUfV (IIHFW
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3.2.6The phase of the reflected anttansmitted waves

By analysing equations 1,2 3,4, we can find the following: whei ¢
there is Nphase shift for-polarized light reflected for all incident angles, white p
polarized light experiencedNphase shift for incidence angle dethan Brewster
angle, and no phase shift for incidence angle exceed the Brewster angle. For
internal reflection (wheres P «¢) , for spolarized wave there is no phase shift for
all incident angles less than the critical an@igO Es, and there is a pba shift
T.-. for incident angle larger than critical angl§ P E;. The ppolarized light
wave does not suffer any phase shift for all incident angels less than the Brewster
angle £ O Er ZKLOH DERYH %9UHZVWHU DQJOH WKHUH LV
the critical angle, for incident angles exceed the critical angle there is phase shift

T.~. as shownn Fig. 3.8[15].

= S-Phase
\ A¢ === P-Phase
P NG === S.pPhase
& ~Fru

h
T

Internal reflection

-~
S~
~e
-
-~
-~
)

Phase shift on reflection
o

L)) 40 90 o 0 80
Angle of incidence
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Figure3.8 Phase shift due to the internal reflectjai].

3.2.7Total Internal Reflection:
Another phenomenon that can be derived from Fresnel equations is the changing
of phase shift betwegnpolarized and- polarized reflected waves with changes of

the incidence angle, during total internal reflection. Total irfereflection occurs

at the angles of incidence higher than critical angle sa; L %

The result is that the incident wave is totally reflected #mal intensity of
transmitted waves decays exponentially with distance from the interface at which
they are formed, this fading field called evanescent field. The Fresnel equations
treatment for this situation gives two notes. Firstly, the phase shift (esfiect to
the incident wave) is different forolarization and-spolarization and depends on
incident angle,Jsand Jg It is worth mentioning that the phase shift betwpemd

sleads to changes in the polarization state of the reflected light.

(Lt P="f de=080 (3.18)
G Ltp=2pde=la?sy (3.19)

cOae

(g Lt P=2F 422020 (3.20)

CaelUg0a
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So, it can be summarized that at internal reflection conditions, the amplitudes of
reflected andincident waves arequal, but the phase has shift between them is

determined by Egs. (11), (12), and (138][1

According to Maxwell theory the phase between p and s determines the

polarization state of the electromagnetic waves.

The polarization state is described by the geometric figure traced by the electric
field vector upon a stationary plane perpendcDU WR WKH GLUHFWLRC

propagation(Fig. 3.9). When the electric field and magnetic field can be described

by:

"e VAR L' 3% KPE (; (3.21)

$ VAR L $; %KPEU; (3.22)
The locus of points in space that generate a curve whose form can be derived by:

A p2hpy A2 oL OB (3.23)

Yoa »0a Y0 58,

Where UL U F U (3.24)
This equation gives an ellipse.
There are specific cases which can be observed for the polarization state:

when UL ré the equation (26) will represents the line with W slope, which is

called lineampolarization

at UL {r? the equation represents circular polarizatidren the E vector rotates a

draw a circle; any other values ob; give elliptical curve characterized by the
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RULHQWDWLRQ D Q JQislartd mar-Wpad-HabdiQandt & rdtid factor which

0O D E FDBaLQ

All the above polariz#on setsare shown in Fig. 3

Eoz =3

Figure3.9 Parameters ddlliptically polarized light.

3,—-8,=0(2n) 8, —0,=m/4

VA
(L

E,
8,~8,=2n (0) 8,—~08,=Tn/4
8,-0,=m7 8,-98,=5n/4

)

8,—0,=" 5,0, = 3n/4 5,—8,=1/2

Figure3.10The polarization states of light


http://www.texample.net/media/tikz/examples/PDF/polarization-state-of-light.pdf
http://www.texample.net/media/tikz/examples/PDF/polarization-state-of-light.pdf

3.2.8Evanescent wave

7KH VROXWLRQ RI OD[ZHOOfYV HTXDWLRQV IRU WKH W

existence of an electromagnetic field in the less dense medium with the intensity
decaying exponentially away from the interfacefdct, the incident light waves are

not cmpletely reflected at the interfaseirface butpenetrateinto low refractive

index medium to the distance@ (Fig. 3.11) which is close to the wavelength of

L Q FL G H Qhwfof@ lit seiwiletely reflected.

Evanescent
wave

—_——————e e

Figure3.11 Evanescent wave propagating along the interface, with its magnitude

decaying into the low refractive index medium direction.

The intensity of the evanescent and penetrating deep are affected by incident angle
asshownin Figure 3.12 and Figure 3.18Bhe exponential decay exponentiallyzn

directionis givenby [3]:
Lo o (3.25)
where thadecay lengthUss given by:
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a 8 |.Yqgl” 21 ' * L *gBes (3.26)

Penetration Depth [d/?\.o]

060 65 70 75 80
0 [degrees]

Figure3.12 Penetration depth of the evanescent wave as a function of the incident
DQJOH IRU D vafeBinterace JihD ¥y 6z Q.878[19].

It is worth mentioning, that the polarization of the incident beam does not affect the

penetration depth, but it affects the amplitude (the intensity) of the evanescent field.

For plane waves incident on the interface with the intengitythe dense medium,

the amplitude of the field in the less dense mediisrgiven by

80 amx:62Ua? a ;
L £

a0 dax>xela? a (3.27)
PLRSE (3.28)

The dependence of+*and +on the incident angle as shownFig. 3.15
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Intensity

B [degrees]

Figure3.13 Intensities of the evanescent field at the interface in the low index

material for both parallel and perpendicular polarization vs the incident [A9¢le

When afree chargee.g. electrons, are exposed to #nsnescent field, the energy

can be absorbed. So that if there is a thin metal layer present at the interface, free
electronsin metals agesonator.The oscillation of the free electrons in the metal
generates electromagnetic waves propagating alongtéréaice these wavesalled
surfaceplasmon(Fig.3.14) So that, the surface plasmon is an electromagnetic (EM)
modecaused by oscillatioarising from the interaction of light with mobile surface
chargers in a metal (typically gold or silver). If the plasmon happen inside the metal
the accompanying electromagnetic wave will be damped, therefore the metal film
should be sufficiently thin (ks than ~50 nm) in order to produce surface plasmons,
so that the evanescent wave penetrates through the metal film and couples with a
surface plasmon at the outer boundary of the film. The coupling occurs when
momentum of the incoming light matches thementum of resonance vibration of

the free charge in the metal. For given TIR mediums, metal thin film and incident

light wavelength, there specific incident angle can satisfy the moment matching and
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give rise to emerge the plasmon waves along the twaumeadnterface[18, 19, 20,

21].

Dielectric Eq

Figure3.14 Evanescent field interacting with surface plasm@gg.

3.2.9GoosiHaenchen shift
Because the EM wavgenetrates intthe lower index material to sondéstance, the
reflected beam suffers lateral shift along the direction of propagation as if reflected
from a virtual plane inside the lower refractive index medium (see the illustration in
Fig. 3.15. Thislateral shift is named Goddanchen shift, and ttan be calculated it

by knowing the penetration depth&

TLtU-fa (3.29)

GoosiHaenchen shift, can also be expressed as the derivative of the reflection phase
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Virtual reflecting plane

B
Penetration depth 7’ \\ Ny
A | 1 ny
| |
o i 16?" n, >n,
I A7 —
Incident light Reflected light

Figure3.15 GoosiHaenchen shift, The reflected light beam in total internal

reflection appears to have been laterally shifted by an amalht

loss with respect to the EM wave lateral wavenumber according to equation (31):

D (3.30)

Here, S is the Goeslaenchen shift, ,is the reflection phase loss arws the

lateral wavenumber of the beam.

The corresponding Goddanchershift isdifferent for perpendicular (s) and parallel

(p) polarization which can be derived by substituting Eqg. 1.5 into Eq.1.6 [23]:

q L —-a9l (3.31)
§qgi?l
L—1h (3.32)
"= qgl” :5>1p; )

The dependences o0b,and 5;against the angle of incidence are showhign 3.16

103
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Figure3.16 GoosiHaenchen shift vincidence angle for-mand spolarization [23].

The theory further pointed out that the lateral shift is not vanishing even at the
incident angles below the critical angle. Moreover, the negative reflective index can

lead to anegative shift, which iguite smallin comparison to thevavelength of

light, [24, 25].

3.3 Optical waveguide:

7KH WHUP 3ZDYHJXLGH LQ JHQHUDO UHIHUV WR D VYV
guide electromagnetic waves. In the simplest case, the waveguide is a material
having arefractive index sufficiently high compared to the ambient medium, and

appropriate dimensions, to guide wavelengths by total internal reflections.

An optical waveguide is an optical structure having the ability to confine the light

electromgnetic waves ah force them topropagate in one dimension. Optical
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waveguide deals with an optical range of the electromagnetic spectrum, its
performance based on the principle of optical confinement by repeating the total

internal reflection at the cordadding boundaes.

3.3.1Classification of waveguides
The transverse profile of refractive index of the waveguide determines the
majority of its characteristics, so that the waveguides can be classified depending on

their transverse profile of the refractive index in (X, y) cross section.

The optical wavguides can be classified into two typése stepindex waveguide
having an abrupt change of refractive index at the interface between the core and
cladding and producing the total internal reflection effect, and the gradex
waveguide having when gradl and continuous change of refractive index between
the core and cladding which produces a refracted wave rather than a reflected wave.

These two types of waveguides arewhdn Fig.3.17

Step-index
[ Cladding

see W

Cladding I
graded-index

“ om

Cladding

Figure3.17 Stepindex @bove) andradedindex (below) waveguides
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The waveguide can accommodate either single or smadtde waves, and called
respectively, singleor multi-mode waveguide, [27]The waveguide modes will be
LOQWURGXFHG SURSHUO\ ODWHU LQ WKLV FKDSWHU %!
the presencef standing waves across the waveguide. i.e. a single mode propagation
corresponds to a halfave fit into the core, while in muithode propagation the

coreaccommodateseveral haHwaves [28].

Waveguides can be classified by their geometrical esed®n, as illustrated by

Fig.3.20.

Planar waveguideorresponds to twdimensional the optical confinement of EM

waves a in rectangular shape waveguide, with the core layer sandwiched between

two cladding layers (see Figure3.20b),

Channel waveguidealso having rectangular geometry, is formed by a Higlex

core buried in dow-index surrounding medium; this waveguide has two possible

geometries of ridge and rib (see below).

Ridge waveqguidé&as a strip core on top of the planar one; this waveguide has strong

optical confinement because it is surrounded on three sidesvbindex cladding

material or aif(see Figure3.20c),

Rib waveguidewhich is a strip channel emerged from high refractivéek plane

acting as a guidésee Figure3.20a).

Cylindrical waveqguideor optical fiore has a cylindrical geometrwith high

refractive index core surrounded by cladd{ege Figure3.20d).
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mham @

Figure3.18 Schematic representation different waveguidesross section geometry
(a) ridge waveguide. (b) planaraveguide, €) rib waveguide, (d) cylindrical

waveguide

3.4 Propagation parameters

3.4.1Wave vector model of the waveguide (Ray Optics approach)
The Condition equation of tHeght propagation in optical waveguides is fully
GHVFULEHG E\ OD[ZHOOfV HTXDWLRQV 7KH FODVVLEFEDC

provides good approximation.

The ray of light is defined as the beam light with the diametech smaller than
the core thickness, and it is represented by a line. The light rays having an angle of
LQFLGHQFH RidinyViktétfadeRdueter than the critical angle will

propagate through the core in zigzag fashion as slowig 3.19

In the realistic case, when the whole end of the core is illuminated by light, there are
only certain reflections angles can provide constructive interferehE®/ waves,

and hence only specific rays belong to specific propagation angles can exist in the

107



waveguide. The constructive interference produces a spatial distribution of optical
energy in the direction (y) perpendicular to the wave propagation (z) that remains

stable with time and it is callealpropagation mode [3, 29].

Figure3.19 The formation of standing waves across the waveguidir€gtion) due

to constructive interference of EM waves propagatingdlirection.

When the waves reflected at boundary overlap, the condition to satisfy the
constructive interference is that a total phase shift must be equal to an integer
PXOWLSOH RI E )RthickhEsy@ahX lwvé&/es rapagktirag the angle

W KH A5R i l2@tvBKn two consecutive reflection can be written as:

6bggrl

>

FtTLe:tN (3.33)
Thus, for the wave propagatia¢png the waveguide we need:
BE“CK®F T, LI (3.34)

This is called waveguide condition equation. The reflection phase anghepends

on both the incident angle a; and the polarization of the incident wave, thus for

108



each kindof polarization there is a different change in phéssds to different

suitable propagation anglef, , for s-polarization;

~f=L <Gism (3.35)

for p-polarization;

U C¥C- =U&?5
—f . L—Oaae (3.36)

Using the expressions af from equation (3.34in equations .35 or 3.36) one

can obtain equation (3.37) which can be solved graphically to find the available

values of m.

- SeeUar@:A
P:@a—'A?KéQFI—CLi (3.37)
6 Oasgp
The solutions therefore fall into odd and even categories. Thibdett side (LHS)
of this formula simply reproduces itself whenewers even integem=0, 2, 4, but it
becomes a cotangent function wheris oddinteger, n¥1, 3. Fig. 3.20 show the

graphical solution of this equation

m = odd m = even
LHS | |

=
=
-
—
=
-
=
=

~

—
—
l

e T T L L




Figure3.20 Graphical solution of equation 3.83].

Fig. 2.20showsthe graphical solution of equation (3.37). The interceptdHS with
RHS ofeq. 3.37 gives the availabieode value§ m) as well as the propagation

anglesa,.

3.4.2 Waveguide mode
Since there are only specific reflection angles satisfy the propagation condition, each
propagation angle provides a distinct field pattern across the core segtion.
Such field patterns are called propagation modes. The integer numidentifies
suchmodes and is called as the mode num32130].
So, there are specific angles available for the light to propagate through the
waveguide, while other propagation angles are not supported. For each propagation
angle g, there are upward and downwangves traveling in opposite directions
along U and therefore setting up standing waves aledgection, which are called
as mode patterns. We can resolve the wave vectorinto two propagation

constants,>and G along and perpendicular to the griexis oas shownn Fig.

3.21

> Leecg L @%AO(Ek
(3.38)

wle B LEG-A.E
(3.39)
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Figure3.21 Interference of upward and downward traveling waves having equal

but opposite sign wave vectors.

For a givenl, there are upward and downward traveling waves, indicated as
waves A and Bn Figure 3.21 These upward and downward traveling waves both
propagate along z with the same propagation consignbut travel in opposite
directions along > with equal but opposite propagation constan@>, as slown in
Figure 3.21their interfer@ce sets up standing waves alorgjingction, illustrated in

Figure3.22. The EM field in the waveguide can be written as:

Dads L o ;L X-F> EA (3.40)

In which | :>; is the field distribution alongU The fied pattern in the core

exhibits a harmonic variation across the waveguide {dairgction) representing

standingwaves ashownin Fig. 3.22

The field does not vanish immediately at the boundary of £tadding (unless the

boundaries are mirrors) and decay exponentiallidirection:

JL a8 F>y ae (3.41)
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Figure3.22 The electric field pattern of standing waves across the waveguide

Traveling wave in the -direction is described by Eq. (2.1.@ith a particular

propagation constant U4 which defined by Eq. (2.1.4). Each of these traveling

waves, with a distinct field patterh:U;,, constitutes a mode of propagation. The

integer | identifies these modes and is called the mode number. The light energy

can be transported along the guidnly by one or more of these possible modes of

propagation as illustrated Fig. 3.2.

3.4.3 Number of modes:

To estimate the maximum number of allowed modes, and to find out approximate

relationship that defines the allowed propagatmgle one can stawith the self

consistency condition:

s LI— | Lsada (3.42)

Since ¢ <%, O s, the maximum value ofl should be the integer greater than

't @4&;, considering that the total internal reflection occurs onlyaa® &,

therefore the total number of modéscan be given:

| Lo+ gl
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or in terms of refractive index:

681 21:

(3.44)

>

When | at T P « < & there is only one mode is allowed. The waveguide is then called
a single mode waveguide. Thoscurswhen the corg¢hicknesds sufficientlythin, or
thewavelengths sufficienty long. For given waveguide parameter there is aaftit
frequency iigbelow which waveguiding cannot occtinjs figcorresponds to a long

wavelength cubdff §5[31].

3.4.4Number of reflections:

The angle of propagation and the core thickndssermine the horizontal
displacement for each reflection, then by knowing the length of the waveguide the
whole number of reflections can be calculated.

From simple geometric consideratishown in Fig. 3.23thehorizontal distance
for each reflection: T; can be defined as:

TLtD-fa (3.45)

Where Dis the core thickness andglis the bounce angle.

Due to the penetration of the waves in the cladding layer, the reflected beam
appears to be reflected from a virtual plane inside the cladding Bgeit. seems
there is a virtual core thickness determines the propagation process, not the physical
boundaries. Therefore, the reflected ray at the real interface seems to undergo a
lateral shift. This lateral displacement depends on the mode of propagation, and for

each mode the lateral displacement can be given as [33, 34]:
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oL t:982280BAF B0 =8 (3.46)
1< dbed ?5
< L < P22 EOBAF sp (3.47)
Ax1iTOU0
Therefore:
TL TE t Vg ga: (3.48)

So,the number of reflection on each side of the waveguide of the lengtlequal

to:

oL . T (3.49)
cladding
THE L I
core % >
Virtual thickness \ h | Z \ X |
b —
J* ______ . SNt

Figure3.23 The geometry focalculation of the number of reflectians

3.4.5The changes of polarization of light during propagation through
the waveguide

As was mentioned previously, during the light propagation through the waveguide
by repeated total internal reflection, a phase shift between p and s components of
polarized light develops at each reflectidimerefore,at the waveguide output, all

these phse shifts will be summed up, thus effecting and the polarization state of out
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coming light. Therefore, outputight polarization state wilbe sumof all single
phase shift during all reflections. That means the length of the waveguide works as

amplifying tothe amountf p-s phase shift.

3.5Electromagnetic description of waveguiding
(OD[ZHOOTV é&ppredzhWy LR Q

In this section light propagation through the waveguide will be treated according to
OD[ZHOOYV ,Han¥ ywdedR @vde dispersion equation as well as the
distribution of the electromagnetic field in the guide willfband usingtheoretical

approach.

The waveguide which consists of three dielectric media that are homogeneous,
isotropic, linear andossless and their magnetic permeabyliis considered to be

constant, aasimplethreelayer planawaveguiding structure ofFigure 3.24

The propagation of the light will be assumed in Oz direction, and the structure is

taken as infinite with invariargroperties in the Oy direction.

X ~
~d

Figure3.24 Schematic diagram of planar optical waveguide

3.5.1 Propagation equation

Maxwell Equations which are appropriate to this optical system are:
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&e &L Faé'!—g (3.50)
& *&L %JG!!—Z& (3.51)
&&L r (3.52)
1&*&|_ r (3.53)
L 4,*&and &L Y& (3.54)

Taking into account the applicability of the boundary conditions, the solution takes

the form ofEM waves propagation inl <direction which
‘& ‘&t SERAPF GN&L ‘&S EAPFUY (3.55)
*&| *&+ $'EA PF G\N&L *&t S EAPF UV (3.56)

As the structure is infinite inl Udirection, the problem has no dependence on

Lr.

An electromagnetic field can be considered as a sum of two polarized field TE and

TM, corresponding to a TE (Transverse Electric) wave wigparallel to 1 Uand a

TM (Transverse Magnetic) wave wheré& LV WUDQVYHUVH 7KHQ IURI

equations, it can be written that:

For TE mode:

A EGIFP;, L (3.57)

e

o L F— 1 (3.58)

u
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* L P (3.59)

! U g te
For TM mode:
R EIGIF ik Lo (3.60)
"e L F—L_J*i (3.61)
, 5 1Ay
i L FU N (3.62)

Note that the previous separation in TE and TM modes can be performed in the case
of a plana optical waveguide with a refractive index n(x) which depends on one

transverse coordinate only.

*HQHUDOO\ VSHDNLQJ ZH KDYH WR VROYH WKH IROOR:
—CEIGIPFG; (L (3. 63)
With ( L' KN depending on the light polarization.

It is necessary to solve the previous equation in the three mediahgand Jg

TE modes:

Equation (63) can be written for the three layers as:

"2 EM', Lt mediumJg (3.64)

I é

7

— ED'i L1 mediumJe (3.65)

With: MLUPFQRI, DLCGIF, LSLUPFGL.

Uis the propagation constant given btL G OL G JO E J & is the guided mode

effective index).
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The guiding condition imposes the existence of a sinusoidal solution within the

central layer n : @ R r; with evanescent waves into mediundg and J.
Both MandL®* Rr,so0 GJR UR GJ.R Gl

The electric field '; has the general form:

%t & FMT rQTQ»
S iT, L #... 50T, E$e<¢DT,; F@QTQr (3.66)
&ISHLTE @2 F» QTQF@

Where A, B, C and D are constants that can be determined by matching the

boundary conditions which require the continuity 6f and *;. Note that for &

and $the continuity conditions concern their normal components. Thus, at the

interfaces: Jalg; and :Jaly, we can write:

L 'i";p (3.67)
VN Y (3.68)
1é 3 'é 4,

L "I";}l (3.69)
ul_z/:za LI'_?ZGH (3.70)

These conditions allow us to write previaguations1.31) in the following form:
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%ESFMT rQTQ»
", T, L %>.. 0T, E:MD; » < ¢DT; ? F@QTQr (3.71)
%>.. " D@ E :MD, e <¢«DQ@Q?tSH.:TE @7 F» QTQF@

*&can be determined from equations [56].

The equation system allows us to determine the electric field profile of each guided
mode propagating within the structure. However, to determine the constantsE;
this can be done by use the derivative continuity of the electromagnetic fiekl in t

guide. After simplification, we can find:
~ D@ L= (3.72)
e

This relation can be transformed into:

@L .. GrEf" .. -GPE e (3.73)

Where | is an integerR r this defineghe guided mode order.

r_1o>r_IG

(For the previous calculation, we can usef:<E >; L CTRTRT: )

Finally, equation(73) represents the TE guided mode dispersion equation. By
replacing p, g and h in (72), we obtain equation (35) previously described during
consideration of the opti@y approach. Finally, we need to determine the constant
C in order to obtain a complete description of the guided modes travelling within the

structure For that, we use the normalization condition calculation:

% LtD g 0 (3.74)
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As an example, the solutions of the problem are schematically dispraker 3.25

[34, 35, 36]

(a)
(d) (c) (b)

v
SIS \\ >

=
A
7Y
N
A
A
B9

Figure 3.25 Guided mode electric field distribution in a planar optical waveguide
structure: (a) represents an unacceptable physical solution because k the three
mediums; (b), (c) and (d) represent thlectric field distribution of well guided
modes (TE), (e) represents a substrate mettie optical energy is well confined at

the interface (n, na) but it varies sinusoidally in the substrate; (f) shows the electric
field distribution of a radiation ode, kin the three mediumsgthis is an oscillatory

solution in the three mediums (free extension outside the guide)

3.5.2Mode number and CutOffs
Due to the fact that specific angles can allow propagation and each propagation
angle represents a mode state; thus, there are limited numbers of allowed modes.
This number can be estimated it using the results ebp#igs approach as well as
by use eletromagnetic Maxwell's approach. Examine the graph solution of the

transverse resonance condition equation (Figure. 4) shows the abscissa is divided

LQWR HTXDO LQWHUYDOV RI ZLGWK G HDFK RQH
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mode. Thisextendsto angle( O E JAO E&g; so, thenumber of these state M is
obviously the smallest integer greater than:
I OB ant @ (3.76)
Using numerical aperture, [2]:
5EQL ¥IEF I8 (3.77)
So that:
1

°¥IFJ (3.78)

a

/L

The electromagnetic approach which relay on Maxwell equation to deal with
waveguide parameters has given the nunebenodes in the same equation form. [3,

37]:

The cutoff wavelength is the minimum wavelength in which the waveguide system
still acts as a single mode waveguide. Above theoffuvavelength, the system will

only allow the LPO1 mode to propagate throuifie core. Below the cudff
wavelength, higher order modes will be able to propagate (the system becomes a
multimode). The wavelengths which leads fo O s correspond to the waveguide
which does not support any of these modes for this or longer wavedength

Therefore, the longest wavelength that can be guided by the structure, can be given

by [3]:

BosL 1@ (3.79)
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3.6 Conclusions

The main purpose of this chapter is to provide thesake background of light
propagation through the waveguide which is required for both the design and

modelling of polarizaon interferometry biosensor based on optical waveguide.

The main idea of the proposed biosensor devices lies on modulation of the
polarization state of light propagation through the planar waveguide caused by
changes in the refractive index of surrougdiimmediumTherefore JUHVQHOTV WKHI
which describes the change of amplitudes and phase of the electromagnetic waves
transmitted and reflected at the interface between two transparent media, is the key

part of this chapteiChangesn the phase angolarization of electromagnetic waves
GHVFULEHG E\ )UHVQHOTVY HTXDWLRQ DUH RI SDUWLFX

the theoretical estimation of the waveguide performance.

The GoosHanchen model presented in this chapter describes mathematiwlly t
effect of the evanescent field during the total reflection on the EM wave propagation
through the waveguide and allowed calculating precisely the number of reflections in

the waveguide of particular geometry.

The two approaches in description of theogamgation the light through the
waveguide using either geometrical optiddlD\ PHWKRG RU DQG OD[ZHOO
were explored in this chaptenn the opticalray approach, the propagation of the

light is described as a zzpg path along the waveguideusad by reflections of rays

at the boundaries between the core and cladding. The constructive interference

waves results in certain allowed reflection angle.

The waveguide condition equation allowed us to the propagation angle for particular

waveguide moes.
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$OWHUQDWLYHO\ 0DaHGB« g dESERb® Whe Rofppagation of
electromagnetic waves through the waveguide consisting of three dieheettioms

(core and two cladding).$SSO\LQJ WKH +HOPKROW]YV HTXDWL
equation in differatial time harmonic form) for the plariM wavespropagation

through thewaveguide anadandiction stable EM field distribution in the core and
vanishing field in claddingThe results are very much similar to these obtained by

opticray approach

Both approaches were reviewed in detail in this chapter and results obtained match

each other
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Chapter 4: Waveguide design and
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4.1 Introduction

This chapter described the detail of the design and fabrication of planar waveguide
as a main element of the developed biosensbe detailed option chosen of all
technical aspects of the development of the experimental seisijalso provided in

this chapter
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4.2 Planar waveguide transducer

The optical planar waveguide is a key element in this work. The waveguide is
designed to accommodate a single motié35 nm oflight wavelength. The main
idea of employing the optical waveguide as a sensor lies in its unique feature which
is the ability to amplify the sensing signal by repeating the total internal reflection.

In our case the planar optical waveguide has aigtégx structure consisting of
a high refractive index silicon nitride core layer surrounded on both sides with lower
refractive index silicon oxide cladding which provides conditions of total internal
reflection at the coreladding interfaces. In additioto the values of refractive
indices of materials used and the wavelength of the light, the thickness of the core
layer plays a crucial role in achieving the single mode wave propagation of the

waveguideThe mode numberl ;can be found form the followmgnformula [1]:

| QY (4.1)

Where \fparameter (also called as the normalized thickness) is a defined as [1]:

8L_X§J(6_)ééB‘J%BC)xxUéU (4.2)

where ais operation wavelength]y 5 igsthecore refractive index, ande g ¢ x x iPa&

cladding refractive indexChoosing the core thickness close @ makes V
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parameter value less than:eot; and | L r, which means that only the
fundamental mode (m=0) propagates along the waveguide.

The waveguide used in this work shown schematicallyig 4.1was acquired from
National Centre for Scientific Research "Demokritos" (Athens, Greece). It was
produced by standarsilicon planar technologies, where theNgiwaveguide core
layer of 190 nm thickness was deposited by LPCVD process on,d&yeD with a

thickness of 3n

o ]Jv 5E1 JLs&x Ua |

}E 580, JL téat trrdi

o ]v 5E1 JL s&x ua |
. 5

Figure4.1 The scheme of an optical plan@aveguide used

produced by thermal oxidation of Si wafer. TheNgilayer was covered with
another 3Mn thick SiQ layer using CVD deposition procegdie refractive indices

are typically 1.46 and 2.02 for SiGand SiN4 layers, respectively. The above
parameters for core and cladding layers were chosen to provide a single mode light
propagation [39]and this condition was confirmed by calculations using equation

ZKLFK JLYHV P DW QP

8 L2 =YIAto F satd

(4.3)
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8Lsawg | Qraval L

(4.4)

The optical system includes a CCD camera (LC100/8mart LineCamera, USB

2.0, Thorlabs. This CCD camera model is equipped with-blgh sensitivity linear

image sensor ILX554B (Sony), containing 2048 pixels (pixel size: 14pm x 56um),
and operating within 350 1100 nm spectral range. LC100 CCD camera has an
analogproviding DC output in a voltage range of- @V in 4096 increments; the
maximal current is 16 mA. The analog output can be programmed as a static or
variable. In a static mode, a constant, adjustable output voltage can be assigned,
while in a variable mde, the output voltage represents the light intensftya

selected pixelFig. 4.2.shows the control panel and a typical signal from a pixel.

| AndlogOut | Tnggersetwp | GPIO1_[ GPI02 | GPIO3 | GPI04 | GPIOS |

Mode Fixed output Voks g 4.0000
static
| Vanable] Output related to Pixel Poel o 1024

imax & 1.0000 Vottage @ Imax & 4.0000

imn 3 0.0000 Votage @ Imin 5 0.0000
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Figure4.2 LC 100 output signal control panel (&pical output signal (b)

The recorded data can be displayed as the light intensity for each pixel. The
spectrum chart gives a possibility to monitor the intensity vs number of the pixel to
find the most activarea of CCD array.

As shownin Fig. 4.3,theanalog output signal is recorded with Pico Scope connected
to PC via USBAlternatively,the signals can be processed using SPLICCO software

provided by Thorlabs for LC100 CCD camera.
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Digital output
Analog output

/ / »-| spricco |-

PicoSDK |..
10.6.13

LC100

CCD Camera pico

S5 &

Figure4.3 LC 100 CCD interfacing to PC via PicoScope

Semiconductor laser diode (AB&3054TL) providing a s t* degree fan beam of 630

nm wavelength with 5mW power was used as a light source. Among the three
common techniques of light coupling light coupling, i.e. direct-emabling, prism

coupling and grating coupling, the direct coupling was chosen. The light w

coupled into the waveguide via a slant edge of the waveguide cUt athd§ was an

optimal light coupling solution which provided enough light intensity propagating

through the waveguide. The slant edge coupling shawig. 4.4 is hybridmethod

comhbning the prism and endoupling methods. Slanted edge was obtained by
abrading and polishing of the silicon chip. This method has raised the level of output
SRZHU WR a : DV FRPSDUHG WR VLQJOH Q: LLQ WKH H

up [2,3].
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Figure4.4 Waveguide slant edge (a) and the light propagation through the
waveguide (b).

The operation of the system as a sensor requires opening a sensing window in the
upper 5 Egl layer of the waveguideln order to achieve the best performance of the
OPW biosensor, the optical system has undergone several stages of development

which are outlined in the following sections below.

4.30PW setup, version |

In the first setup, the fan beam laser shined directly at the slant edge of the
waveguide piece. The laser source was fixed on an angular moving arm asrshown
Fig. 4.5, allowing to adjust the coupling angle and to obtain the maximum output
light intensity. The CCD array was placed close to the other side of the waveguide to
collect the outoming light. A polarizer was placed between the waveguide and
CCD detector to convert the polarization changes to the variation of the light

intensity.

Semiconductor laser

CCD camera
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Figure4.5 The schematic diagram of the 1st version of OPW experimentapset

The reaction cell having a volume afayt ? |7 was made of nylon and connected
with the inlet and outlet micrtubes. The reaction cell was tightly sealed against the
sensing widow using square shape rubber fransed Fg. 4.6). The waveguide was
sandwiched between the base nylon piece and thetloelfubber seal had a 6 x 6

mm square opening in the middle to avoid any contact with the surface of the
waveguide window. The sensing window was etched in the top &@ding layer

by injecting diluted (1:10) hydrofluoric acid into the reaction c€lie lightintensity

was monitored during the etching; when the etching reaches the edge of the core
layer, the polarization state of the propagated light became affected and resulted in
the oscillation of the light intensity, also the light intensitgpped. At that point the
system was flashed with distilled water to stop the etching process and to remove the

reaction products.
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Figure4.6 The view of the version | setup (a), waveguide pldosttheen the

reaction cell and a nylon base (b), reaction cell (c).

Then the waveguide piece was rinsed, dried and checked for thickness in the seining
window using ellipsometry. This method ensured that the sensing window was
identical to the cell dimeimsns and it also gives opportunity to monitor the etching
process. Finally, the waveguide chip was installed matching the positions of the
sensing window against the rubber frame, and the system was ready for testing.

The refractive index sensitiyi (RIS) was assessed experimentally by injecting
different concentrations of NaCl aqueous solutions intacé#lleandmonitoring the
resulting polarization changes of the output light. A typical example of the system
response on injection of NaCl is shown in Figure 6a. As one can see, the output
waveform doesn't show clear periodic behavamrd may consist of several
overlapping signals as illustrated by the spectral analysis of the waveform in Figure
4.7a. Spectral analysis of the waveform in Fig. 7b confirmed that of the output
waveform is a superposition of more than one signals with different phases and
amplitudes. Tiere are two possible explanations for that: (i) there were differences in
the light path length across the core due to irregular geometric dimensions of the

sensing window, which led to the variation of light polarization across the core; (ii)
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each pixelof the CCD array sensor received signals of different phase, therefore, in
order to achieve the best system response, the pixels which the least affected by

interference and overlapping of the rays must be selected.
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Figure4.7 The response waveform for for injection of 5% NaCl solution into the cell

(a) and the corresponding spectrogram of the output signal (b).

Despite all those difficulties, it was possible to estimate roughly the number of the
periods of phase changes from the waveforms presenteé).id.8a. The results
obtained are given as a linear dependesfcthe number of periods of the phase
changes against the refractive index in Fig. 4.8b wlaltbws estimating the

refractive index sensitivity (RIS) of PW sensasing the following formula [4,5]:

4+5 2% (4.9)

éa

whereN is the number of periods of oscillations,

n NNacl Mwater (4.4)

The refractive index sensitivity (RIS) was found to be around 1200 radians per
refractive index unity(RIU). This value of sensitivity was higher than in other
traditional optical methods such as SPR and TIRE., but it was lower than reported
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for MZ-based sensors (Nabok, 2016). Nevertheless, the first experiment results on
detection of three types of mytoain were obtained with the 1st version of the setup,

and they are presented in Ch. 6.

133 134 1.35 136

Figure4.8 The output signals recoded during injections NaCl solutions of different

concentrations into the cell (a), and the evaluation of RIS (b).

4.4 OPW setup, version Il

The fist alteration was in the use afpointbeam laser diode as a light source,
instead of farbeam laser diode producing highly divergent light beams of ab8ut 12
which is not suitable for this application, in order to reduce the overlap due to
reflection from the sides of waveguide chdnme this waveguide dimensions the
divergence should be less than 6 degree . Therefore, to meet this requirement, the
laser beam has to be collimated using cylindrical lenses. Therefore, in the second
setup, a micro cylindrical lens set SMINROSM1 Zoan Housing (Thorlabs) was

placed in front of the laser diode, as showFio 4.9.
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Figure4.9 The formation the light beam with SM1INROSM1 Zoom Housing.

In addition to reducing the beam divergence, the cylindrical lenses set gave other
advantages in reducing astigmatism, improving the viaorg quality, focusing the

beam to a small circular spot. As a result, a narrow collimated laser beam (less than
1mmin diameter) has been formed which results in the reduction of noise caused by
internal reflections of light within the waveguide overlapping with the main beam.
The second alteration was the addition of a quarter wave plate to change polarization
from linear to circular. A zerorder quartewave plate WPQ10M66 - @1 (from

Thorlabs) showin Fig. 4.10 was used ithe setup, version Il.

Figure4.10 WPQ10M266- @1" ZeroOrder QuarteiVave Plate.
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Another problem appeared in the 1st@etwas the inhomogeneous etching of the
sensing window. The calibration of the etching time has been done by performing
ellipsometry measurements after a certain etching time. Using the calibration data
shownin Fig4.11 theetching could be performed outside the reaction cell and

resulted in homogeneous sensing window.
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Figure4.11 Etching kinetics of the SiO2

In the OPW setip versionll shown inFig. 4.12, inaddition to the changes in the

optical system, a peristaltic rotary migpamp was used to deliver the liquid sample

to the cell.
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Figure4.12 The scheme ddetupversionll of OPW setup.

The performance of this setup was evaluated by injecting NaCl of different
concentrations into the cell. The resulted waveforms showig. 4.13aappeared to
be less noisy and without interferences which allows much easier calculation of the

phase change
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Figure4.13 Evaluation of refractive index sensitivity for the OR&tup Il

The calibration dependenaeFig4.13b yieldsthe RISvalue of about 5200 rad/RIU
which is much higher than in the previousspt However, the quality of the output
signals was still insufficient for auto calculation of the phase shitihhessmumber of
periods has been calculated manually. The phase variation of the output signal was

attributed to the irregular etching of the sensing window which affected the light
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pass length within the sensing window and resulted in different phases sigtial

at different pixels of CCD array. An additional cause of signal installdyg the
result of overlapping of rays having different phases.

The shape of the waveform and was also strongly affected by the injection of liquid
in the cell. The manual injection was used in the firsugetwhile a peristaltic rotary
pump was used for liquid samples delivery in the secondiseBoth injection
methods could not achieve a smooth constant flow of liquid in the in the reaction

cell.

4.5 OPW setup, version lll

All the deficiencies of the second experimentaiigebutline above were eradicated

in the third version, by improving the waveguide desite, signal collection and
processing, and the use of microfluidic system.

In this setup, the channel waveguide was fabricated using photolithography instead
of a planar waveguide in the previous-gps. The first step was to cut and refine the
waveguide piece with regular geometric dimensions. It follows by grinding and
polishing the slant edges in both ends of the waveguide piece, and then test them for
light propagation. After making sure that the slant edges provide effective light
coupling, the waveguide piece was subjected to photolithography processes which

are outlinedn more detail in the following sections.
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4.5.1Photolithography process

4.5.1.1Substrate preparation

To prevent complete or partial delamination of the photoresist during pattern
developing using wet etching or plating, the substrate surface must be properly
cleaned ad dehydrated prior to coating with photoresisace residues, including
surface moisture, will allow the developer, etchant, or plating soltdigrenetrate

the photoresist layer and undercut the photoresist pattern. Therefore, a thorough
cleaning of he surface is a significant step proceed before deposition of the
photoresist layer on the waveguide piece. There are two common methods for
cleaning the silicon wafer, e.g. wet and dry cleaning. Cleaning processes with use of
liquid chemicals are genelakreferred to as wet cleaning. They utilize a combination

of solvents, acids and water to spray, scrub, etch and dissolve contaminants from the
wafer surface, while dry cleaning processes use gas phase chemistry or plasma
etching for wafer cleaning. Inighwork wet cleaning was chosen because it is easier
and less expensive than dry cleaning which require specialized equipment.
Contaminants can be classified into organic impurities, i.e. skin flakes, skin grease,
bacteria, and inorganic ones, i.e. dpatticles, salt residues, moisture, etc. After
visual inspection the waveguide piece via the optical microscope, the waveguide
piece was soaked in acetone with ultrasonic agitation for 30 minutes to dissolve and
remove the organic impurities. This procegas repeated again using isopropyl
alcohol. Finally, the waveguide piece was dried using nitrogen gas and heated up to

100 Cin the oven, to remove all moisture and alcohol residues.

4.5.1.2Photoresist deposition

Spin coating is the most common method forl@pg photoresist to a substrate

surface. Other less common methods include spraying, roller coating, dip coating,
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and extrusioncoating. For testing purposes, several photoresist coatings were
deposited using different rotation speed in order to opérthie rotation speed and to
obtain homogeneous coating with the thickness of alsiut. The rotation speed of
2500 rpm was found to be optimaPhotolithographys a complex procedure whch
consits ofseveral processeshown schematically ifig. 4.14andoutlined stegby-

step below.

%
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N
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Figure4.14 Photolithography process steps

4.5.1.3Pre-bake (or soft bake)
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After spin coating, the solvent concentration in the coated film reduces from 85 to
about 10%. The solvent retention is primarily due to its entrapment within- nano
capillaries in the polymer layer. The remaining solvent can be removed from the
photoresisturing the soft baking stage. This stage also anneals the residual stresses
that accumulated in the film during spin coating due to evaporation of the solvent
and norequilibrium conformations of long chain polymer molecules. Soft baking

was performed at®100°C for 20 min in ventilated or convection oven.

4.5.1.4Photoresistexposure

A negativephotoresist ethyl Hlactate 651761 form Sigma Aldrich was used for
photolithography. The waveguide pieces coated with a photoresist layer were
exposed to UV lighthrough the mask which was aligned and positioned on top of
the waveguide. Photoresist was exposed to UV light for 60 s Wwu@L-58
source which provides two UV wavelengths: 365 nm with 1200 pW/cm?2 intensity,
and 254 nm with 1350 uW/cm? intensityt followed by postillumination backing
treatment, i.e. by gradually (during 30 min) increasing the temperature %6, 80
keeping at 80°C for 30 min, then reducing gradually the temperature to room
temperature during 60 min, to polymerize photoresistriayel make it insoluble

during the developing process.

4.5.1.5Photoresist development

Development is a process of removing unexposed areas of photoresist. The

developing was performed by immersing the waveguide pieces in a bath of
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developer solutiori65,1788 Resist DeveloperSigmaAldrich) with stirring for 60

sec, followed by a rinsing several times with isopropyl alcohol. Then the surface was

dried by pressurized nitrogen gas.

4.5.1.6 Postdevelop baking
A postdevelop baking is necessary for stabilizing anddéaing the undeveloped
photoresist prior to further processing steps, e.g. wet etching, and to ensure complete
removal of solvent, improving adhesion in wet etch. This process is usually

conducted at 90120 °C using convection oven.

4.5.1.7Photoresist Removalstripping)

This process consists in complete removal of the photoresist layer after the etching
procedure is done. The removal solution has been used to swell the photoresist and

then remove it from the wafer.

4.5.2Etching processes
To fabricate thehannel waveguide two types of etching were needed: (i) etching the
SiO, top cladding layer in order to make the sensing window, and seéond
etching the Si3N4 core layer to form the ridge waveguide. Diluted hyiavac
acid (HF) istypically used br SiQ, etching, while hot (160 § phosphoric acid
(HsPOy) was used to etch thesNi, layer, [6,7, 8, 9, 10]
The speed of these two etching reactions was calibrated wiipgometry
measurements, and the obtained calibnatiare presented Fig. 4.15 These graphs
were used to estimate the time required for each etching process. It has to be noted

that SgN, is practically not etched in diluted HF, anideversaSiO, is not etched in
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H3PQy, therefore the HF etching stops automatically when reachyiNy, ore,and

HsPO, etching stops when reaching the Saladding underlayer.
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Figure4.15 Calibration of the etching rate for SiO2 (a) and Si3N4 (b)

4.5.2.1 Fabrication the channel waveguide

The formation of the channel waveguide had required two stages of
photolithography. The first step was to remove the uppes I8y@r from the whole
waveguide piece except the area A andsBe(Fig 4.16) whereits existence is
necessary to guide the light from the smutrough the sensing area and to the
detector sensor array. The mask 1 was used for this photolithography step. After
preforming photolithography, and etching Sityer in (1:10) diluted HF, we
obtained the structure shown on the right side of Fig. 4.16 withr8h@aining in the

areas of A and B.
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Figure4.16 The first step of the channel wavegufdbrication.

The second stage was fabricating theNgchannel core which is shown in Fig. 4.17.
The mask 2 was used in photolithography. The core channel was formed by etching
the whole SN, layer except the core area using the window in photoresist layer as a
stencil. The etching has been donehit (120 C€) phosphoric acid. The resulted

structure is shown on the right sideFod. 4.17.
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Figure4.17 The second step the channel waveguide fabrication.

The whole process of the channel waveguide formation is illustratéd.id.18
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Figure4.18 Channel waveguidfabrication in twesteps.

4.6 Collection of the output light beam

In both previous setups, the direct contact between the CCD array and the waveguide
output end was used to collect the light that coming out of the waveguide core.
Because of high diversioof the outcoming light beam, the signal each pixel of

the CCD array was formed by overlapped beams emitted from different points of the
wavefront having different phase shifts (see the diagraffig. 4.19a) thusesulting

in unstable and noisy outpsignal.

Figure4.19 The collection of the outcoming beam: directly (a) and using the lens (b)

To eradicate such problem, the optical beam collimation objective was used to create
a parallel light beams with minimized overlapping on pixels and thus more stable

signal (see fig. 4.19b). The optical element used was zoom housing tube containing a
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lensset and linear polarizer (Zoom Housing for @1" Optics, Ratating, SM1INR1
- SM1, Thorlabs shown iRigure 4.20).This optical element together with the CCD
camera was assembled on angular adjustable arm which gives some flexibility to the

setup. The esulted output signal quality was substantially improved.

—

Figure4.20 SM1NR1- SM1 Zoom Housing

4.7 Reaction cell and microfluidic system

The detailed analysis of the performance of previous experimertapsethowed

that both the geometric shape of the reaction cell and microfluidic system have
significant effects on the resulting sensor signal. The injection of liquid samples of
into a wide cell usually produces uneven lateral distribution of concentration
chemicals within in the cell, which is illustrated fig. 4.21a. Such transversally
inhomogeneous properties of liquid may cause instability of the output signal. The

use of narrow cells with dimensions Hs Hz;11 in thesetupversionlll results

149



in more homogeneous liquid mixture (see Fig. 4.21b) and thugaltes this source

of signal instability (see Fig. 4.22).

Figure4.21 The effect theeaction cell width on homogeneity of liquid samples
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Figure4.22 The effect of the cell width on the output signal: (a) the signal from

different pixels in a 6 mm wide cell, (b) the same signalsnareow (1mm) cell.

The use of a rotary peristaltic pump for injection of liquid samples into the cell
causes additional instability of the flow and thus in the sensor signal in the set

version Il (not to mentioning an obvious flow instability during manual injection
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usedin the setup version I. Therefore, the replacement of peristaltic pump with a
syringe pump hasignificantly improved the sensing signah the setup version Il
shown schematically in Figt.23a and photograph in Fig. 8% all the changes
mention& above were combined which allowed us to overcome the difficulties and

achieve a stable output signal and eventually improve the sensitivity of detection.

Helium Neon laser

CCD camera (Thorlab LC100)

@

Electrical syringe driver
(Model linari BSP-99M )

Figure4.23 OPW experimental setp, version lll: Schematic diagram (a) and
photograph (h)
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4.8 Signal processing

The periodical output of the signal is produced due to the rotation of the polarization
of the light coming out of the waveguide which is related to a variable phase shift
between pand s components of polarized light developing on course of changes in
the refractive index of external medium or molecular adsorption, as was described in
detail in Ch.3. The phase shift, which constitutes the actual sensor response, can be
found from the recorded waveforms. Such phase shift can be roughly estimated by
couning the number of periods of oscillations of the output signal, which has been
done in the first two versions of the experimentaluget the accuracy of such
estimation is rather poor, e.g. from %2 to ¥ of a period. Poor quality of the output
signal did mt allow more precise calculation of the phase shift by automatic
processing of the output signal. In thersion Ill setup, the quality of the signal was
sufficient for more accurate calculation of the phase shift which has be done in the
following steps First, the original output signal shown in Fig. 424hasto be

normalized adlustratedin Fig. 4.24 b.
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Figure4.24 Signal processing: original signal (aprmalized signal (b), absolute
values of the rotation frequency (c), and the phase shift (d)

Knowing that the phase sh(ft js a function of rotation frequencyi : P,

T LBA:RB?
(4.5)
the rotationfrequency can be found by differentiating the normalized waveform,

then taking the absolute values of the obtained parameters:

xHngfz (4.6)
The resulted graph is shown in Fig. 4.24c. The area under the angular frequency

X: = represents the total amount of phase displacement, which can be by integrating

the X:=curve over the whole period of measuremenjs (

TL O X<t (4.7)
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The resulted time dependence of the phase shift is shown in Fig. 4.24d response is
the actual sensor response. The signal processing described above was carried out

using Origin 8.0 software; the screen shots in Fig. 4.25 demonstrate the procedure.
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Figure 4.25 Origin-8.0 screen shots demonstrating all stages of signal processing:
normalization (a)derivation (b),taking absolute values dhe derivative €), and

integrae of absolute values of the derivati{a.

4.9 The evaluation of the sensitivityof the final setup

The evaluation of sensitivity the final version of the UPW Piugetvas carried out
the same way as before, e.g. injecting solutions of sodium chloride of different
concentrations, recording the corresponding waveforms and evaluation of the phase

shift signal processing described above. The results are shown in Fig. 4.25.
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Figure 4.26 The output wave forms corresponding to different concentrations of
NaCl (a, b, ¢, d, €) and dependence of the pétaifieon refractive index (f).

As one can see, the obtained signals of much better quality than before represent
values of the phase shift between theupd s components of polarized light caused

by variations in the refractive index of the medium. Téactive index sensitivity

can be evaluated from the gradient of linear dependence of the phase shift vs

refractive index in Fig. 4.26f. The value of 1.559.5 (in number of periods per
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refractive index unity) given on the graph can be converted in mareentonal

units of radians per RIU to become 9800 rad/RIU. The obtained value is very close
to that obtained earlier by modeling of the waveguide, e.g. RIS=9300 rad/RIU. The
obtained value is the largest among the reported RIS values for other intetfgrom

biosensors, such as Miaterferometers [11, 12, 13, 14].

4.10Conclusion

Both design and fabrication of the waveguide were describeékisrchapter The

system has undergone three stages of developments by optimizing optical system,
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liquid sample delivery system and waveguide design. Each stage of development has

resulted in an increase in sensitivity greformancemprovement.

Table 41 summarizesall features of each sep as well as the resulted refractive

index sensitivityRIS), for the experimental set ups.

Laser diode, 5 mW, far Laser diode, 5mW, Helium Neon laser,
beam, 638 nm Parallel beam638 nm | 5mW, point beam,
wavelength. wavelength. wavelength 632.8 nm

QuarterWave Plate,

Single cylindrical lens, | Two cylindrical lenses, L
gie cy y two cylindrical lenses,

planer focusing two-axises focusing two-axises focusing
Wide cell Wide cell Channel cell
(6x6x2 mm) (8%6x2 mm) (8x1x1mm)
Manual injection micro pump Syringe pump
2500 rad/RIU 5300 rad/RIU 9800 rad/RIU
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Chapter 5: Chemical part
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5.1Intr oduction

This chapter provides comprehensive analytes (mycotoxins) used in this project as
well as their specific biweceptors such as antibodesd aptamerspecial attention

was given to immobilization of antibo@nd aptameon translucent surface
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5.2 Biomaterial, which are targeted by experiment

5.2.1Mycotoxin, general description
The word "mycotoxin” is derived as a combination of Greek name for fungus
P\NHV DQG /DWLQ ZRUG MPWRI[LFXPY ZKLFK PHDQV

identifies a group of toxic substances excreted as secondary products of fungi
metabolism [1], probably, as chemical protection of the mould from other
microorganisms [2]. Such moulds (or fungi) have the ability to grow on food and
feed stuff at certain environmental conditions of elevated temperature and moisture
which are quite common, particularly in trogl countries, therefore these fungi are

widespread [3].

Mycotoxins being relatively small molecules with molecular weight in hundreds of
Daltons are known by their highly toxic effects on human and animals [4, 5].
Usually, crops that stored in a damp eamment (6680% humidity) at the
temperatures in the range of-80°C for few days become a potential field for fungi
growth and therefore mycotoxin contamination [6]. The classification of mycotoxins
is complicated, due to the large variety of their ordging fungi species and
chemical structure. The most important mycotoxins from the perspective of
agriculture and food industry, and public health are: aflatoxins, ochratoxins,

zearalenone, and fumonisins.
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5.3 Mycotoxins selected for this study

5.3.1 Aflatoxins

Aflatoxins are secondary metabolites Adpergillusfungi strains. Aflatoxins have
received great deal of attention because of their toxic and carcinogenic properties
and also because of the fact that they are most frequent contaminants in
agriculture products associated food [dhe optimal terperatures for the
production of aflatoxins byA. flavusand A. parasiticusare reportedo be between

25 and 30 °C which made them very common contaminants worldwide [9, 10].

Molecular structure of aflatoxin B1 ghown in Fig. 5.1

Figure5.1 Molecular structure of aflatoxin B1 from Aspergillus flajjag].

The humans and live stock can be exposured to aflatoxins through the products such
as maize, rice, grodrand tree nuts, cocoa beans, figs and other dried foods, spices,
crude vegetable oils, and many other derivative products, which could be

contaminatd with fungi before and after the harvest. Aflatoxin B1 was classified as
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group | carcinogen by the International Agency for Cancer Resea@&th Hiar
example aflatoxin B1 in concentrations as low as 1 ppb in the diet of tr@utcda
cause malignarttepatocellular carcinomas. Such propertires made aflatoxin B1 one
of the mostabundant, toxic and potent naturally occurring carcinogenic substance
known, Many countries have sitted a lower level for aflatoxins ranges are between
0.02 and 5 ppb, with 0.0ppb the most commorif]. EU has Setted limits for
Aflatoxin in range (0.0110 ppb) depend on kind of food and type of aflatoxis, [1
16]. There are approximately 16 known types of aflatoxins. The four major
aflatoxins that cause illness in humans are B2, G1, G2, M1[17, 18]. Among
those, aflatoxin B1 is the most common contaminant in f@8@Q], and M1 is most
common in milk contamination, 12 Figure 5.2 shows the fluorescence images of
Aspregillus flavusgenerating aflatoxin B1,[31 Fig. 5.2 showsthe fluorescence

images ofAspregillus flavugenerating aflatoxin B1.

@ (®)

Figure5.2 UV fluorescent microscopy images of Aspergillus flavus containing

aflatoxin B1
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5.3.1.1Physical and chemical properties

Aflatoxins are a colorless to pajellow crystals at room temperature. They are
slightly soluble in water and hydrocarbons, soluble in methanol, acetone, and
chloroform, and insoluble in ngpolar solvents. Crystalline aflatoxins and their
solutions stored in dry and dark environment are extremely stable and can be still
active for years [B,20]. Aflatoxins are relatively unstable in light and air,
particularly in their solutions in pol@olvents, or undegxposure to oxidizing agents

or UV light. At their melting points (237 °€299 °C) aflatoxins decompose but are
not destroyed under normal cooking conditions. They can be completely destroyed
by autoclaving in the presence of ammonia or by treatment blgéhch [24].
Destruction in aflatoxin molecules can occur by braking the lactone ring followed by
decarboxylation at high temperatures in aqueous solution at pH 7. The lactone ring is
a subject to alkaline hydrolysis, for example by treatment with patassi
permanganate, sodium hypochlorite, sodium perborate, chlorine, ozone, and
hydrogen peroxidetherefore,these oxidizing agents can be used for aflatoxins

decontamination [2.

5.3.1.2Toxicological Profile
Aflatoxins induce DNA damage, negatively affabe DNA damage repairand

alter DNA base compositions of genes3][2Aflatoxins are associated with both
toxicity and carcinogenicity in human and animal populations. Aflatoxin B1 is
considered as responsible for both toxicity as well as carcinogenicitydi3bases
caused by the consumption of aflatoxins are known as aflatoxicoses with liver being

the main target organ.
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5.3.20chratoxin

Figure5.3 Chemical structure of Ochratoxin[Al].

Thereare three types of ochratoxins, with ochratoxin A (OTA) being the most toxic
and commonly detected in foodstuff. The primary source of ochratoxin
contamination in food and feed stuff is cereal commod(tiegize, oats, barley and

wheat) in addition to growdnuts, dried fruits and coffee beans [2527b

5.3.2.1Physical and chemical properties

OTA is unstable when exposed to light, especially in very humid conditions;
however, it is stable in the dark in ethanol solutiory].[DTA is also thermally
stable; incereal products, up to 35% of the toxin survives autoclaving for up to 3
hours [B]. OTA is a weak organic acid with a pKa value of 7.1, and a molar mass of
403.8 g/mol. OTA crystals are varying from colourless to white, this molecule
possesses an intengeeen fluorescence under UV light in acid medium and blue
fluorescence in alkaline condition8(]. In acid and neutral pH, OTA is slightly

soluble in water, moderately soluble in chloroform, soluble in polar organic solvents
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(alcohols, ketones, acetorilg; methanol, and ethylacetate), and insoluble in
petroleum ethers and saturated hydrocarbons. While in alkaline conditions, this
molecule is soluble in aqueous sodium bicarbonate solution and in all alkaline
solutions in general. It has a melting poiritatbout 90 °C when crystallized from
benzene as a solvent, however, 13olvated crystals has a melting point of 169 °C.
OTA solution prepared in polar organic solvents such as ethanol or methanol can be
stored for more than a year without any loss ofvagtif kept cold and in thelark
conditions.Crystalline OTA is colourless, in the absence of moisture, are extremely
stable up to 3 hours of autoclaving, if kept away from light and UV radiation

[31,32.

5.3.2.2Toxicological Profile

Nephropathy andeurotoxicity are the major toxic effect of OTA. It has been shown
that the OTA induced damage in the central nervous system. OTA can be regarded
as a possible cause of certain lesionsvels as damage at the cerebral level. Thus,
this substance seemshlie highly toxic for the nervous cells and able to reach at any

time the neural tissue (brain, retina, etc3|[3

5.3.3Zearalenone
Zearalenone (ZEN) is a common contaminant of all major cereal grains worldwide;
it is a nonsteroidal estrogenic mycotoxnoduced byseveralFusarium species,
including Fusarium graminearun{Gibberella zeag F. culmorum F. cerealis F.
equisetj andF. semitectumit is found worldwide in a number of cereal crops such

as maize, barley, oats, wheat, rice and sorghum, aodiralbread [3]. The trivial
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name zearalenone is derived from Gibberella zeae and it chemical structure is shown

in Fig. 55.

Molecular Formula: C1gH»,05

Molecular Weight: 318.369 g/mol

Figure5.4 Chemical structure of zearalendi4].

ZEN has been associated with increasing incidences of breast cancer. The
International Agency for Research on Cancer (IARC) has placed ZEN in the

category group 3 [34].

5.3.3.1Physical properties
Zearalenone is avhite crystals having meltingoint of 164465 °C. Molecular
formula: GgH»20s , and Molecular weight: 318.4 g/mol. The structure is shown in

Fig. 5.4 [35].

The solubility of zearalenone at 25 °C in percent by weight are: 0.002% in water,
0.05% in nhexane, 1.13% in benzene, 8.6% acetonitrile, 17.5% in dichloromethane,
18% in methanol, 24% in ethanol, and 58% in acetone. ZEA is a stable compound,
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both during the storage and processing (cooking) of food, and it does not degrade at
high temperatures at 12C. It can be decomposed by 29% when heated at 150 °C
for 60 minutes, and by 69% at 200 °C for 60 minutes. Zearalenone is stable to

hydrolysis in neutral or acid buffer solutions.

5.3.3.2Toxicological Profile

Zearalenone has been associated with diffenexgfative effects on humans and
animals especially on the reproductive system. ZEN acts as Oestrogen mimicking
agent, the toxic effects of ZEA are lipid peroxidation, cell death and the inhibition of
protein and DNA synthesis, so it causes functional, hmiqgical alterations in

reproductive organ85].

5.4 Bio-receptors for detection of mycotoxins

5.4.1Antibodies

The antibody is a type of glycoprotein protein havinghépe molecular structure.
Antibody is one of the main elements of the immune systemammals produced

by B-lymphocytes after exposure to a given antigen. The main function of antibodies
in the organism is to bind foreign species, e.g. molecules, toxins, etc., which are
called generally as antigens and remove them from the body of manirhals.
remarkable property of antibodies is a high degree of affinity of binding specific
antigens 36,37]. Such specific binding properties of antibodies made them an ideal
bio-receptor in various biosensing applications. The whole branch of biosensors

utilizing antibodies is calledimmunogens Antibodies specific to the mycotoxins,
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e.g. aflatoxin B1, ochratoxin A, and zearalenone, were also used as bioreceptors in

this project B§].

5.4.1.1ANTIBODY STRUCTURE:

An antibody is an aggregation of molecules having-asfhape and the size of
about 10 nm. Irgeneral,all antibodies have very similar structure. As shown in
heavy chais which are joined together by-glilfide bridges to form a "Y" shaped
molecule called Immunoglobulin (IgG). Each chain is composed from about 70 to
110 amino acids and are classified into different categories according to their size
and function. All anibodies have very similar structure except small variable parts at
RI PDPPDOLDQ ,J KHDY\ FKDLQ GHQRWHG E\ WKH *UHH
thereareonlytR NLQGV RI LPPXQRJOREXOLQ OLJKW FKDLQ I
side of the top of the "Y" of an antibody have a variable structure of azmcids
which can be tuned to accommodate a particular antigen ifdokkytype of
interaction B9,40]. Such interation explains extremely high selectivity of antibodies

to specific targets (antigens).
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Figure5.5 The schematic diagram of IgG molec(4&].

5.4.1.2Antibody -Antigen Interaction

The interaction of an antibody antigen is a reversible binding reaction which follows
the basic thermodynamic principles of reversible bimolecular interaction due to
severalnon-covalent interactions involving electrostatic, hydrophobic and hydrogen
bonding (Figure 57). The antigen to antibody binding is due to the formation of
multiple nonrcovalent bonds between the amino acids infifaipments of antibody

and the antigen. The antibedytigen reaction is characterized by affinity which is
the stregth of antibodyantigen bonding produced by summation of the attraction
and repulsion forces, such as MderWaals interactions, salt bridges, hydrophobic

forces, and hydrogen bond$]4
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Figure5.6 Thenoncovalent interactions that form the basis of antmygibody (Ag
Ab) binding [47].

The affinity factor of antibodyantigen is affected by molar concentration,
temperature, pH, ionic strength, and the rate of diffusion, the parameters which plays
important roles in determining the equilibrium of binding reactio8, #2,50. The
parameters which represent the antibtmgntigen binding strength are the
association constant Ka (mol®) = ka/ kg which is the ratio of rates of adsorption

(k) and desorptionkg), or its reciprocal parameter called affinity coefficiekt

(mol) = 1/Ka= kq/ ks, [49, 50, 51].Typically for IgGbased antibodies, the values for

ANTIBODY

I,—Hydrogen bond

CH,— Ionic bond

Hydrophobic
interactions

van der Waals
interactions

Ionic bond

Ka are in the range of £@0 16 mol™ or Kp of 10° to 10° mol, [51].

The immobilization of antibodies and their orientation control on the surface of

transducers is very important for sensor performan2ke,[Bimobilization methods
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involving covalent binding of antibodies to the surface are the most common since
they provide tkb highest stability [3]. Electrostatic immobilization of antibodies is

also quite strong (Coulomb interaction is the second strongest after the covalent one)
and thus very popular and commonly used in various biosensing applicaépns [5
This can be ackved using the layers of polyelectrolytes adsorbed on the surface.
For example, on the glass which is usually negatively charged due tgr@ks on

the surface, a layer of polycations, such as polyallylamine hydrochloride (PAH), has
to be adsorbed firstThen the negatively charged antibodies from their buffer

solutions with pH about 748 can be immobilized on top akown in Fig. Ba. [B5]

TYYYYYY

Figure5.7 (a) Randomly oriented antibodies immobilized directly on polycation
layer; (b) vertically oriented antibodies immobilized via intermediate layer of protein
G (or A)[55]

The problem with such method of immobilization is the random orientation of
antibodes with their Fabdragments not available for binging antigenBo achieve

the maximal efficiency of antibodgntigen binding, the antibodies should be
LPPRELOL]HG RQ WKH VXUIDFH RI WUDQVGXFHU LQ VX
were available forinding, i.e. oriented in normal direction to the surface. This could

be done using intermediate layer of protein A (or G) which have a binding side to the
constant domain of antibodies (see Fig. 5.86).[bherefore, protein A (or G) being

negatively chaged in the buffer solution with pH #&have to be immobilized first.
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Then antibodiesare boundo protein A (or G). This process is described in detail in

Ch.6.

5.5 Aptamers

7KH WHUP 3DSWDPHU" ZDV FRLQHG E\ LWV LQYHQWF
ZRUG LV VWHPPLQJ IURP /DWLQ WHUPV 3DSWXV’™ ZKLF
means part. In 1990, Robertson and Joyce developdd-thieo selection protocol
to adapt the sequemcof oligonucleotides in DNA or RNA to accommodate
specifically the target molecules. These efforts paved the way-fatro generation

of various DNA or RNA oligonucleotides with new properties and characteristics

[57].

Aptamers are typically produced by SELEXethod (Figure 59) [58], which is
schematically outlined in Fig. 5.19, from a random library of nucleic acids incubated
together with a target molecule, in that way some nucleic acids are getting adsorbed
on the taget in a particular sequence. The #imund nucleic acids are separated
from those to a target. Then the chains of bound nucleic acids is polymerized and
separated from the target. The resulted polynucleotide is then amplified by PCR
(polymerase chain retion) and used in the binding of next cycles. Such procedure
is repeatedrbm 6 to 12times and resulted in polynucleotide chain highly specific to

the target moleculeq9, 60, 61].
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Figure5.8 Scheme oSELEX process of producing aptamgss].

Aptamers depending of their nucleotide sequences have different types of secondary
structureqFigure 510) in buffer solutions due to the interactions nucleic acids and
subsequent formation of base pairs, e.g. cytosine (C) with guanine (G), and adenine
(A) with thymine (T) in DNA or uracil (U) in RNA. The presence of MgCl salt in

the buffer solution plays a ik role in maintaining stability of secondary structures

[62, 63]. Several examples of such secondary structures are shown in Fig. 5.10.
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quadruple, (c) stem loop/ bulge, (d) hairpba].

Aptamers change their secondary structures upon interaction with their specific
targets by engulfing or wrapping around the target molecules. Such phenomenon can

be utilized fordetection of target molecules in various biosensing applications.

There are several possibilities for biosensing depending of the type of aptamers used
and on the presence of particular functional groups. Aptamer can be immobilized on
the surface via furimnal groups typically attached at C3 terminal, for example SH
group can be used for immobilization on gold surface. On the other end, typically
C5 terminal, the aptamers can be labeled with either redox or fluorescent functional
groups. As showischematally in Fig. 5.1 for labeled aptamers immobilized on

the surface of gold, the labels may come closer to the electrode surface as a result
of biding the target molecule thus either increasing the electron transfer between

redox group and the electrodén electrochemical sensors) or quenching
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fluorescence in close proximity to the gold surface (in fluorescence sené8y&y,[

65).

SH

-\n
=N
wn

-

(@) (b) (c |

Figure5.10 Labelled aptamers (a) immobilized on the surfacgabd (b) and

binding the target molecules (c).

If unlabeledaptamers are used, the molecular binding could be detected as changes
in the molecular layer thickness or refractive index using the detections methods of
SPR, TIRE, LSPR, and planar waveguides. The above situations outline-the so
called directassay formatvhen the target is binding to a receptor immobilized on the
surface (see Fig. R21a, b). There are other types of assays formats possible, for
example sandwich assay, when a secondary aptamer or antibody can bind to a target
(see Fig. 5.2 c, d) or compgtive assay, when the target is immobilized on the

surface and aptamers (or antibodies) compete for binding to the target molecules on
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the surface and free target analytes in solutions (see FRyep.All these formats

can be utilized in aptaensing[66, 67.

1/-\
S ' j Vs o ™ >
{ g ) £ \
> (> ()
a b ¢ d e

Figure 5.11 Direct aptamer assay with small (a) and large (b) target molecules;
sandwich assay using secondary aptamers (c) or antibodies (d); and competitive

assay (e)68].

Aptamers have severativantagesver traditional antibodies:

1. Simple and inexpensive synthesis with no ethical restrictions;

2. Thermal stability and less sensitivity to environment (buffer solutions);

3. Possibility of adding functional groups, i.e. SH groumsiinmobilization on
gold; surface, and functional groups (redox or fluorescent labels);

4. Simple aptamers recovery by thertyrling (using PCR units);

5. Small size, which makes aptamers more suitable for direct assay sensing
format.

Because of their advantag aptamers are becoming increasingly popular in

biosensing and practically substituted antibodies in the market.

Aptamer have several applications in biomedical diagnostic; they can be particularly
useful in biomedical diagnosis for the development dfease biomarker. A
diagnostic based aptamer kit was developed for detection of mycotoxins and
aflatoxins in particular §9, 70]. Biotechnology company Aptagen developed an
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interesting technology known as the aptamdéxeacon (Aptébeacon) whiclcan be
utilized for quick biomarker development. Agiaacon is potentially great for point

of care treatment of patientgl]. The development of a biosensor for the rapid and
simple detection of aflatoxin Bihay lead to the advance of several aptasensors for
AFB1 analysis in food. This technique is used as a molecular identification probe for
the detection of AFB1 and demonstrate y an extensive detection range for aflatoxin
Bl from 0.1 to 10 ng/ml 72, 73]. The detection method is based on
chemiluminescence compeétg assay utilizing G quadruplexhorseradish
peroxidase like DNAzyme (HRRDNAzyme) connected to AFB1 aptamer. The
assay permitted the detection of AFB1 in spiked corn sample with LGBa#L

[74, 75, 76, 77).
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5.6 Conclusion

The target analytes (e.g. mycotoxins) used in this work were described in chapter
five in detail including their origins, main physical, chemical propertasl
basemeneffect on human and animalThe allowed limits of mycotoxins in food

and animal feed are typically in the ranges of 0.1 té CTwo types of biosensors
used in this project for selective binding of mycotoxins are antibody and aptamers.
The chemical structure and functioning of ibatlies were described in detail
including the methods of their immobilization on surface of transdudérs.
electrostatic immobilization method which was chosen in this work was outlines in
more detail Aptamer type of biosensors were described in thispter including

their synthesis, chemicatructure main properties and advantages over traditional

antibodies.
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6.1 Introduction

The experimental results of detection of mycotoxins were presented in this chapter.
Because of continuous development of the experimeetalp during the project,

the results are split into three parts corresponding to particular setup used
Preliminary results of detection in the 1st set up having poor quality of the output
signal and relatively low RISK were used to prove the conce@iRMW, Pl sensor

Much improved 2nd setup allowed the detection of three mycotoxin indirect

immunoassay with their specific antibodies, immobilized electrostatically on the

waveguide In the last batch of results obtained using the 3rd version of the setup,
aptamers were used as bio receptors for specific binding of aflatoxin bl and
ochratoxin A, the obtained results showed reusable sensitivity in sub ppt

concentration ranges
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6.2 Immobilization of antibodies on the waveguide surface

In biosensors, théiological receptordiaveto be properly deposited onto the
transducerthis process is known as immobilization [1]. Several-vestiablished
methods of immobilization of proteirgre widely exploited, such as physical
adsorption, covalent iding, entrapment [2, 3, 4 ] and a recently developed
electrostatic selassembly technique (also known as ldygtayer deposition) [5].

The purpose of any immobilization method is to retaiaximal activity of the
biological receptorson the surfacefahe transducer. The selection of an appropriate
immobilization method depends on the nature of the biologazaptor the type of

the transducer used, the properties of the analyte, and the operating conditions of
the biosensotthe layerby-layer (LbL) electrostatic deposition has been used in this
projectfor immobilization ofantibodies. This method has been first developed for
deposition of alternatively charged layers of polyelectrolydad, agpoly-allylamine
hydrochloride (PAH)as polycation and polysterylsulphonate sodium salt (PS®)
polyanion. Both polycations and polyanions dissociate in water and result,
respectively, in positively and negatively charged polymer chaitiscounter ions

CI" and Na left in solutions. Those polymer chains can be deposited-taykyer

on the substrates (which supposed to be initially charged) using simple procedure of
dipping the sample in beakers containing PAH and PSS with intermediate rinsing in
pure water. Thed.bL electrostatic deposition is schematicatiytlined in Fig. 6.1.

The thicknes®f a layer depends on both the underlying surface and the deposition
condition, e.g. the type of material, the surface roughness and condition factors such
as concentration fopolyelectrolytes, adsorption time, temperature, rinsing time,

dipping speed, drying time, etc. [6].
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Figure6.1 Fabricationof polyelectrolyte multilayers using laybr-layer electros
deposition

The method of electrostatic Lb L can be expantgdincluding other types of
electrically charged objects, such as organic molecules functionalised with
electrically charge groups, e.g. $@r NH,", nanoparticles, and proteimaving

electric charge whicbdepend®n the pH of solutions [7].

Proteins (including antibodies) are typically immobilized on the surface of
transducer by methods of covalent bimgli entrapment into polymers, hydrogels or
any other network. In this project the electrostatic binding was used for
immobilization of proteins. This technology was developed byVQWV and
G.Deche [8]. The polymer poly (allylamine hydrochloride) (PAHA$\been used as

polycation for immobilization of antibodies. PAH is fully ionized at a pH lower than
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7.0[9]. The advantage of using PAH was that its charge is located at the far end of
the side chain, which was easily accessible for the compensatiothéry ionic
molecules. The chemical structure of PAH is shawnFig.6 2. The molecular
weight of PAH was about 70000 g/mole. It has a pH of 4.37 wiilated to 10° M
concentration in ultrapure water. The concentration of PAH used for the deposition
was 2 mg/ml (2.85Z0° M). This concentration was considered to be appropriate to
provide enough charge for LbL deposition as demonstrated10}y Another
common polycaon is polyethylenimine (PEI), having molar mas of 43.04; it is a
branched polymer with repeating unit composed of the amine group and two carbon
aliphatic CHCH, spacers. Polycations are water soluble, and they dissociate into

>

positivity charged polymechain due to g groups and counter ions, typically

Z.

One of the most common polyanions, is poly sterylsulphonate sodium salt (PSS). Its
chemical structure is shown in Fig. 6.2, and its average molecular weighous
9,00011,000. PSS is apolymer consishg of two parts: poly(3,4
ethylenedioxythiophene) a conjugated polymer carries negative charges associated

with ? groupsand counteons  f>

o/_\o
7\
S
Z | NH2
S n
50;
() (b)

Figure6.2 Molecular structures of PSS (a) and PAH [b}].
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Multi layers can be deposited onto the surface by consecutive deposition of PAH and
PSS. This technology is called Electrostatic -asgembly of layeby-layer
deposition (LbL) has become a popular method for making organic films. The
method of LbL is que versatile and can be used for making composite films

containing some other electricatthargedsuch as nanopatrticle, proteins, cells, etc.

In this project, the thickness of the polyelectrolyte bilayer was determined by
ellipsometry using M2000 J.A. @Wéllam spectroscopic ellipsometer unit. The
thickness and refractive index of the films produced were found by ellipsometry data
fitting using Cauchymodel. Ellipsometric measurements on dried films shown a
good approximation of the thickness, the averthgekness of the PAH/PSS bilayer
was estimated at 2.9 , which is in good agreement with the literature value of

:t1uJ| ;previously reported in the literaturgZ, 13].

Proteins can carry electrical charge depending on the pH of solution. At pH above
the iscelectric point proteins are negativity charged due to ? groups, while at

pH lower than iseelectric point they have positive charge due tog groups. For
example IgG being negatively charged at P ycan be alternated with PAH. This
property has been used in this work by immobilizing 1IgG based antibodies on top of

PAH layer.

Antibodies immobilized on PAH are randomly oriented as shown in Fig. 6.3a, so
some of the Fab fragmenare not available foribding antigens. In order to
improve the orientation of the antibodies, protein A has been used as an intermediate
body. This mechanism has been explainedearlier in section(4.3.1.2). The

electrostatic immobilization of antibodies proved to be sufakess our research
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group previous research, and we also used it in the current work. It has to be
mentioned that the antibodies have to be immobilized on the surface of silicon
nitride in the sensing window of the waveguide. However, after etchingphexide

layer in HF and rinsing in deionised water, a thin layer of oxide may still remain on
the surface and contain negative surface charge dug’tand * 17 groups. The
immobilization procedurewhich was carried out in the cedtarts by injectiorof

PAH 1 mg/ml aqueous solutianto the celland incubation for 120 min, followed

by purging the cell with deionised watéfhen protein A (0.01 mg/ml solution in

35 mM TrisHCI buffer, pH 7.5was injected and incubatédr 15 min, and then
IgG-EDVHG DQWLERGLHV W\SLFD-@A \buffet pHO7.5/RO XWLRQ
injected and incubatefdr 15 min. Obviously, the intermediatetighes rinsing with
buffer after proteinA deposition vas used. All the chemicals used weregaired

from Sigma Aldrich.

6.3 Detection of mycotoxin in direct assay with specific antibody:

The first biosensing tests were carried out using theetsion of the experimental
setup (described in detail in Ch 4.) which has the refractive index sensitivity of

approximately 1200 rad/RIU.

Aflatoxin B1 (AFT B1) was detected in direct immunoassay with specific antibodies
electrostatically immobilized othe surface of 3N in the sensing window via
intermediate layers of PAH, and protein A (as was described in detail above). The
biosensing tests were carried out by recording the OPW PI sensor responses caused

by sequential injections of solutions of RAprotein A, andAFT B1 antibodies, and
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AFT B1 increasing order of concentrations, e.g. 0.01, 0.1, 1, 10, 100, and 1000 ng
/ml. Typical sensor responses are showifrig. 6.3. As one can see, the signals
were quie noisy and unstable in that gersion of the experimental sep, but the

main features of the responses can still be noticed, and the number of periods of
phase change can be roughly estimaieposition of a very thin (of about 1nm)
layer of PAH (in Fig. 63a) causes only haHd peiod phase shift between pnd s
components of polarized light. Absorption of much larger molecules of protein A
causes about 2 full periods of phase change (Falp).8viuch larger molecules of
antrAFT B1 caused about 3.5 periods of phelsange (Fig6.3c). And finally, quite

small concentration of AFT B1 (1ng/ml) yields about fefferiod of phase changes,

as shown in Fig. 8d asan example. In the second agt version having much

higher refractive index sensitivityf around 5600 rad./RIU, the ot signals were

less noisy with more stable amplitudes, so the
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Figure 6.3 Output signal waveforms recorded during absorption of layers of PAH
(a), protein A (b), antibodies (c) and aflatoxin Bhg/ml concentration (d). Arrows

indicate the moment of injections

evaluation of the phase shift was more precise thoughcstitled out manually

With this setup all threemycotoxins, aflatoxirB1, ochratoxin A, and zearalenone,
were detected in a wide range of concentrations, e.g. 0.01, 0.1, 1.0, 10.0, 100.0, and
1000.0 (ng/ml). As before, the biosensing tests were carried out by sequential
injections of the abovementioned mycotoxins starting from the smallest
concentration. Each injection was followed by rinsing the cell with pure buffer

solution in order to remove unbound mycotoxin molecules.

Typical responses to injections of different concentrations of aflatoxin B1 are shown
in Figure 64. The number of periods of signal oscillation at each injection which
corresponds to the phase shift between p and s components of the polarized light
were summarized irfFigure 65 as we can seehé increase in the number of
oscillation periodsincreaseswith the increase in AFT Bl The sensitivity of

detection of AFB1 is provided by the antibodies used.

The previous research in our research group skdwhigh specificity of the
antibodies used &}, with typical values of the affinity coefficients in 10 108 mol.
Nevertheless, the negative control tests were carried out in order to eliminate cross
sensitivity. The results of negative control tests are presented in [Bigthé.
injection of norcomplementary target molecule, e.g. ochratoxin A (OTA) showed

no responsat all (Fig. 6.7a) as compared to a noticeable phase change caused by

AFT B1 (Fig. 6.7b). The injection of pure buffer (Fig. 6.7c) solutions typically
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causesbout Y.of aperiod phase changes due to washing outspatifically bound

toxins. This is actually constitutes thaseline of our experiments

As was shown in Fig6.5, the minimal detection concentration of AFT B1 was 0.01
ng/ml which is similar to the results @lmed earlier using the of TIRE%]. The
situation of the sensor response in Figph &t high concentration of AFT B1 is
associated with the saturation of binding sites of antibodies. Much higher sensitivity
of OPW PI could be achieved by rectifying thelgems existence in the 2nd set up

version.

197



(a) Time (Sec.) (b) 0 w0 _. .: 600 200 1000

ntensity
= =
= P

Ra T

Int
Int
i
—

(C) ' - _'I'nE'_E;EC.:I B o - (d) v B _.mE_E;ECI]

1000ng/ml Afl B1

|| | 1 | ‘
z M |H //\\W.W 2 M\ lw““%x“
ll

08 “|

(f) ' - _'mE_ESvec.] - - N (f) : _'m:fS:EC-]

MWWM

| b
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Figure6.6 Negative control test: responses of OPWsensor with immobilized
anttAFT B1 to AFT B1 (a) , to OTA (b) and buffer injection (c).
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Similar experiments were carried out for other mycotoXir&ng thesetupversion

Il the set upypical results of detection adchratoxin A in the immune assay with

specific antibodies are shown in Fig.76.and the calibration curve in Fig.86.

presents the valued the evaluated phase shift vs concentration of OTA.

75 1
H"I 0.01 mg/ml| Ochratoxin A 0.1 mg/ml Ochratoxin A
5 | .'M' " ‘| ywr
= | \ "I I WMW
5 || = 05
E:.zs I' f: h\ E J
| W“‘W“" € [
i 200 400 600 BOD 1000 N . o - . .
(a) Time (Sec.) [b) N - Tim;v{vSec.} 50t - 1000
1 1
1 mg/ml Ochratoxin A ’ ) 10 mg/ml Ochratoxin A
75 ‘ |"|| 0.75 Ml\ | ill
1 Il
z 5 H| I,'k'lul z 05 ||I
2. ] L \|u S
=0z ! = 025 |
‘I ||' “ l MMN“
Bk *f'
v 200 40 60 200 1000 0 200 ap 50 &0 1000
(c) Time (Sec.) (d) Time Sec.)
1 1
' 100 mg/ml Ochratoxin A 1000 mg/ml Ochratoxin A
0.75 || / ""W 0.75 MM}“NI*‘I
Jill | m*"% M N A "
= 0.5 %“ | AN ey > 05 |
i I g “‘I |
] | @
E 35 1 ||I E p L ‘
.25 | |'.| = i||
0 200 4 600 20 1000 0 200 400 500 E0D 1000
(e) Time (Sec.) (f) Time (Sec.)

200




Figure6.7 Outputsignals for different concentrations of Ochratoxin A: 0.01 ng/ml
(@), 0.1 ng/ml (b), 1 ng/ml (c), 10 ng/ml (d), 100 ng/ml | (f), and 1000 ng/ml (Q).
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Figure6.8 Calibration curve for Ochratoxin A.

Further down, the results of detection of zearalenone (ZEN$raren in Fig. @

and 6.D. The results are quite similar to those given earlier for AFT B1 and OTA,
thesmall allof the response is due to the saturatiohindling sits ofantibodies.

The aalysis of detection of all three mycotoxins in direct immunoassay with
respective specific antibodi@gs carried ouby plotting the accumulated responses

on the same graplBecause the biosensing tests have been performed in sequential
manner from the dwest to the highest concentration, the accumulated sensor
responses can be calculated in a following wihe values of phase shifts at each
injection have to be added up, while the phase shifts causeddiyng out have to

be subtractedSuch accumulatd responses for all three mycotoxins are given in Fig.

6.11.
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mycotoxins.

The responses of OPW PI sensor to all thmgeotoxins arejuite similar in terms of
values and the general behavior. The minimal detected concentration was of 0.01
ng/ml, while the detection limit is at least an order of magnitude smaller since the

base line was about 0.25 periods. The linear response ran@dosr arders of
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magnitude ffom 0.01to 100 ng/ml); the saturation of the responses was typically
occur at Img/ml concentrations due to the saturation of aytimoding sitesThese
results are very impressive, particularly considering direct immunpdssanat.
Therefore, the OPW PI sensor exceeded the sensitivity of TIRE method by at least
one order of magnitude. The sensitivity could be further increased by improving the

signal and using automated and more precise calculation of the phase changes.

6.4 Bio sensing tests using aptamdrioreceptors

6.4.1Introduction
The optimization of the experimental 4gt which was focused on improvements of
optical sensitivity and signal processing was achieved in"theion of the setip,
which was described in detail in Ch. 4. In addition to that, a novel type of
bioreceptors, e.g. aptamers, was exploited, and the results were presented in this

section.

Aptamers representreew biosensing strategy which becamgréasingly popular in

the last few yearsAptamers are also known as chemical antibqdibsy are
synthetic oligonucleotide or peptide molecules that reproduce a similar to antibodies
function, i.e. specific binding of particular target molecules. Aptaraee typically

based on RNA or DNA oligonucleotides of particular sequence complementary to
that of target molecules they are assembled from a vast pooictdic acidsusing

the SELEX (hich was described in detpiprocedure. The popularity of using
aptamers as bioeceptors has rocketed in the last decade, and nowadays aptamers

were commercially produced by specification for a wide range of targets.
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Aptamers have a number of advantages over traditional antibodies which include
better stability, much simpler and more ethical (without the use of immunization of
small animals) synthesis, and, not least, the lower .pritbese featuretead to
substantl improvement the system performance. Aptamers are about ten times
smaller than antibodies; the molecular weight of-lggided antibodies is in the range

of 150 £170 kDa, while the aptamers containing from 30 to 80 nucleotides have
molecular weight of 120 30 kDa. This makes the aptamers more suitable for
optical nonlabelled detection; it also allows aptamers to be much closed to the
surface oftransducemwhich could be particularly important for LSPBosesnors

[16].

Antibodies are usually very setige to the environment, i.e. the changes
temperatureand pH may lead to their denaturation, also their recovery after binding
the analytes is problematic. While the aptamers are fairly stable at ambient
temperature and their secondary structure caeasdy restored by thermocycling,

the same way aptamer can be recovered after binding the target analytes.

The aptamers change their conformation upon binding the target molecule (in simple
terms, wrapped around the target molecules) which leadsatoges in the aptamer
layer thickness and/or refractive index; such changes can be detected with the

sensitive transducer such as OPW PI sensor developed in the current project.

6.4.2Preparation of aptamers and their immobilization on OPW
In the current work, we used ndatbeled aptamer (from Microsynth, Switzerland)

for AFT B1 which has the following nucleotide sequence which was established in
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[17, 18]: SH sGTTGGGCACGTGTTGTCTCTCTGTGTCTCGTGCCCTTCGCTAGGCCCACA

There was no label attaeth at 3' terminal, while the thiol group was attached to 5'
WHUPLQDO WR DOORZ DSWDP Htbefpuldistrfade Hh QuL ¢a38Y LR Q G
of immobilization the surface of silicon nitride within a sensing window, the
immobilization protocol was moreomplicated. The aptamers were delivered in
lyophilized form. The aptamer stock solution is prepared at 100 uM by adding an
appropriate volume of sterilized water. Then, the stock solution is aliquoted and
stored at20°C. All other chemicals, i.esodium phosphate (MdPQOy), potassium
phosphate(KH,PQ,), potassium chloride (KCI), magnesium chloride (MgCI
dithiothreitol (DTT), sulfesuccinimidyt4-(N-maleimidomethyl) cyclohexare
carboxylate (SulfesSMCC), and sodium chloride (NaCl) were procufiexsn Sigma
Aldrich (France). Aflatoxin bl was purchased from Sighidrich (UK). All
reagents were of analytical grad@eionized Milli-Q water was used for preparation

of reagents throughout the experiments.

The 100 mM PBS binding buffer (PBB) was prephigy dissolving 10 mM
NaoHPO;, 1.76 mM KHPQO,, 3 mM MgCh, 2.7 mM KCI, and 137 mM NaCin
deionised water. The pH of the buffer was adjusted to 7.4. Before immobilization,
the stock solution of aptamers was diluted at desired concentration with PBB
supplemented with 2 mM of DTT, then diluted aptamer solution was theyoied

in PCR unit,e.g. heated to 90C° for 5 min and cooled down to 4 C° for 5Thi@.
presence of thiol groups at 5' terminal allows immobilization on gold surface. In our
case, however, we need to immobilize this aptamer irsémsing window of the
planar waveguide orhé surface 9Nis. The process of aptamers immobilization is

illustrated in Fig. 6.2. At first, the silicon nitride surface was aminated using (3
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aminopropyl)triethoxysilane; this provides NHgroups on the surface (Fig. 6.13a)
to bind SMCC molecules -@N-maleimidomethyl) cyclohexanecarboxylic acid)
(Fig. 6.13b). To do thaB0 pl of 20 mM SMCC solution in PBS buffer, pH 7.4 was

added into each aminated surface and incubated for one hoonatemperature.

Q
O, O W :-3 o8 o3 3 o8 .
o SMCC O, .0 W] e . N i, 0 N N
o l :-.
i, MH. PH. HH. MH, MH, [ [ e
p— (a) (bl (c) (d) -

Figure6.12 Aptamer immobilization protocol: aminated surface of Si3N4 (a),
SMCC activated surface (b), aptamers immobilized (c), aptamers binding target
analytemolecules (d).

The plates were then washed wdbionizedwater three times. Finally, aptarse

were attached to SMCC layer usitige specific reaction between @&minal
cysteines and the maleimidetivatedsurfaces (Fig. 6Zc). Thiswas achieved by
dropping 30 ul of 2 uM aptamer solution (preheated with thermal cycler) in binding
buffer pH 7.4 with the addition of 1 mM DTT (dithiothreitol) on the SMCC
activated plates. The samples were incubated for 4 hours at room temperature in the
dark. After the conjugation reaction was complete, the plates were washed three

times for 2 minutes in binding buffer.
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Normally aptames have their secondary structurstabilized inthe presence of
MgCl, salt in the binding buffeut they changéhar 3D conformation when bind
to the target analyte, literally wrapping around the target (F@d§.This process
which is associated with changes in the molecular layer thickness can be easily

detected bYDPWPI sensor.

6.4.3Detection of Aflatoxin B1 with PI OPW sensor in aptamer assay.

Aflatoxin B1 (AFT B1) stock solution (1 mg/ml) was prepared in acetonitrile.
Further dilutions of AFTB1 were done in PBB. All of the working AFB1
solutions of 1pg/ml, 0.01 ng/ml, 0.1 ng/ml, 1 ng/ml, 10 ng/ml, 100 ng/nd, Jan

Ry/ml were preparetly multiple dilution in PBBand stored at 4 Gvhen not in use.

A series of Pl measurements were carried out by sequential injections of AFT bl
solutions of different concentrations in PBB (starting with the smallest concentration
of 1 pg/ml) into thecell. Intermediate washing the cell by purging it with 1ml of
PBB solution was carried out after each injection in order to removespedifically
bound toxin molecules. The signals were recorded during binding of AFT b1l to their
specific aptamers with the exposure time of around 40 minutes. The recorded
waveforms arel®own in Fig. 6.8 (blue curves) along with the correspondipgase
changes (black curveshhe values of phase shift were calculated by processing the

recorded waveforms as described in Ch.4

As one can see, the lowest concentration of BETused wadpg/ml, which causes

a noticeable 5.84 rad. (nearly the whole period) of phase change. The saturation of
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the response typically occurs after 400 s to 500 s of exposure which is similar to the

time of immune reaction, e.g. binding target analyte to reyttibodies [B].
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Figure6.13 Output signals (left) and corresponding phase shifts (right) for different
concentrations of AFT b1l: 0.00My/ml (a), 0.01 ng/ml (b), 0.1 ng/ml (c), 1 ng/ml
(d), 10 ng/ml (e), 100 ng/ml (f), and 1000 ng/ml (g).

The Pl OPW sensor responses, e.g. the phase shift values, recorded for consecutive
injections of different concentrations of AFT B1, atenmarisedn Fig. 6.4a (blue
poles).
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Figure6.14 (a) Concentration dependence of phase shifts caused by consecutive
injections of AFT b1l (blue dots) and during toxin washing out toxins (red dots); (b)

Accumulated phase shift vs the total concentration of AFT b1l.

A monotonous increase of the phasetshith the increase of AFT b1l concentration

is observed. A small drop in the response at the highest concentratid®y/ofl 1s
mostlikely caused by saturation of binding cites, e.g. aptamers. The signal
recordings, which were performed during washing outspectifically boundoxin
molecules after each binding stage, typically yield 2.36 £ 0.14 rad. of phase change
(seeFig. 6.4a, redpoles). The fact that this value is practically independent on the
AFT B1 concentration indicates that rspecific adsorption modikely takes place

in the voids between immobilized aptamers. Negative control tests were also
carried owl by injecting a different mycotoxin, e.g. ochratoxin A, which is not
supposed to be bound to this kind of the aptamer. The response was at the noise
level. Also, the injection of pure buffer solution (with no AFT bl added) yielded a

ZEero response.

Becawse the measurements were carried out in sequence of steps of injections of
toxins in progressively increased concentration, further analysis of the data obtained
was carried out in order to work out the accumulated response. For that purpose, the

phase chages at each stage were addmal the responses to washing out toxins
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were subtracted. The resulted calibration curve in Figdhoshows a wide linear
dynamic detection range (from 0.01 ng/ml to100 ng/ml) with the trend of flattening
at both low and highconcentrationsThe results obtained are similar to those
reported earlier for the PI detection of aflatoxin B1 in direct immunoassay with
specific antibodiesZ0, 21], though the sensitivity was much higher due to the use of
improved (version Ill) OPW Péxperimental setip. The accuracy of phase shift
measurements was estimated as +0.5 rad. which allows the evaluation of low
detection limit as 0.7pg/ml by linear approximation of calibration curve to the level
of 1.5 rad. (see the inset in Fig. 4b). The obtained LDL value in sup ppt (p@er
trillion) range is quite remarkable. It is much lower to LDL values reported in optical
biosensing methods, and it is comparable with {égih analytical methods such as

massspectroscopy.

6.4.4Detection of ochratoxin A in aptamer assay with PI OPW

sensor.
Similar tests were performed on detection OTA in direct assay with specific aptamer

purchased from Microsynth (Switserland) having a following nucleotide sequence:

5-SH-GATCGGGTGTGGGTGGCGTAAGGGAGCATCGGACAST' [22).

The immobilization protocol was similar to that of aA&#T B1 aptamer described
earlier in this chapter. The detection of OTA was carried out in sequential injections
of OTA in increasing concentrations from 1 pg/ml up #®/inl. The results, e.g. the
recorded waveforms (blue curves) and calculated phase shift (black curves) are
shownin Fig. 6.5. Similar to aflatoxin B1 data, the response tend to saturate due to

the saturation of aptamers,
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though the saturation happened at maofaller concentrations of OTA (see Fig.
6.15h).

Following the procedure developed earlier for AFT B1, the accumulated sensor
responses for OTA was plotted against the total concentration of OTA in Fig@re 6.1
Similarly, to

AFT B1, the calibation curve its well into sigmoid function. The results obtained

are similar to those reported earli2B] 24], thoughthe sensitivity of OTA detection

was much higher.The low detection limit of 0.6 pg/ml was evaluated by
extrapolation of the dependence to the leyel.5 rad. corresponding to a tripled
noise level. The latest upgrade of Pl OPW sensor in combination with aptamer bio
receptors is clearly more sensitive as previous versions and thus capable of detection
of much smaller concentrations of aflatoxinBa@xin B1 and ochratoxin A) in sub

ppt range. An additional advantage of using aptamers was a simple procedure of
sensor recovery. The OPW sensor chips with immobilized aptamers can be restored
to its initial state after performing a heating/cooling eyah PCR unit (which
unravels aptamers and releases the toxin) followed by washing out the toxins in PBB
buffer containing MgGl The recovered OPW chips could be used again straight
after this treatment; such attempts were carried out with thee@ OPWthips and
showed similar responses. Alternatively the OPW chips immersed in PBB lz®uld

stored in a fridge at 4Gor few weeks.
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Figure 6.15 Output signals (black curves) and corresponding phase shifts (blue
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Figure 6.5. The accumulated sensor responses against the total concentration of

OTA.

The repeating of a thermycle is advisable before the ugehe selectivity of the
sensor system has been examinedngct different mycotoxin, the system did not
show any response can be considered sigraal Fig. 6.X, which means the sensor

can discriminat@and select its targets which is designed for them.
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Figure6.16 Selectivity test signal

Table 6.1 bio tests parameters

Aflatoxin Ochratoxin Zearalenone

Mycotoxin . : :
concentration | Antibody | Aptamer | Antibody | Aptamer | Antibody

receptor | receptor | receptor | receptor | receptor
(ng/ml) response | response | response | response | response

(rad) (rad) (rad) (rad) (rad)
0.001 _ 6.0 _ 5.0 _
0.01 9.42 12.5 9.4 16 11.9
0.1 18.8 18.8 13.8 24 20.4
1.0 20.4 22.9 20.4 28 23.8
10.0 25.1 23.6 20.7 30 24.5
100.0 27.0 24.8 26.7 32 23.3
1000.0 23.4 22.7 24.2 31 22.6

6.5 Conclusions

The biosensing tests performed using OPW Rupetvere successful. The 1st
setup version provided the proof of concept of detection of molecular adsorption.
The 2th much improved version of the-sptallowed the detection of three types of
mycotoxins (AT B1, OTA, and ZEN) in concentrations down to 0.01 ng/ml in
direct immunoassay with specific antibodies which was similar to the results
obtained previously with TIRE method$5]. There was an obvious possibility of

further improvement of the sensitivitwhich was eventually achieved with the final
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(3rd) version of the saip an automated signal processing. The detection of AFT B1
and OTA in concentration down to 1pg/ml or (ppt) was achieved in the direct assay
with aptamers. The LDL of 0.7ppise estimdaed which is much lower than if
repented in any biosensors, and it is comparable with Jégih methods of HPLC

and masspectroscopy.
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Chapter 7: Conclusions and future work
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7.1 Conclusions

The main aim of this project, e.g. the development of novel highly sensitive optical
planar waveguide biosensor for detection of low molecular weight analytes such as
mycotoxins, was achieved. The developed biosensor is based on the optical planar
waveguict operating as polarization interferometer capable of detection of
mycotoxins in very low concentrations below the ppt level in direct assay with either

specific antibodies or aptamers.

A comprehensive literature review was carried out on existing optioadensing
technologies as well as on theoretical background of light propagation through the
waveguide. The latter review provided useful guidance for modelling and designing

of our planar waveguiddased biosensor.

The major part of work was in the design and development of the experimental set

up; this work lasted more than two years and went through several stages.

The waveguide with the structure of SI8i3N4/SIO, was fabricated on Si wafers
using standard micedectronics technologies; the Si€ladding layer was about2

fn thick and its the refractive index was of 1.46, while the cofd,3ayer has the
refractive index of 2.02 and the thickness of around 200 nm. With such parameters,
the waveguide provided single mode propagation for red light of 6880 nm in
wavelength. Due to a large number of reflections (estimated as 500 per mm) the
waveguide can provide high refractive index sensitivity estimated1%s0
rad/RIU/mm

The light was coupled into the weguide via slant edge cut at °4angle

corresponding to the main angle of light propagation; this provided a simple and
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costeffective lightcoupling solution which deliver the sufficient amount of light.
Another important design feature was shapingcthre layer in a narrow (1mm) strip
which provided high quality of the output signal. The light source could be either
semiconductor laser diode (6860 nm) or HeNe (633 nm) laser. The latter
provided better stability of light intensity, though the forroae is more suitable for
miniaturized experimental sep which is currently under development. Quarter
wavelength plate was used to make the light circularly polarideel.light coming

out of the waveguide after passing a polarizer was collected byad@pinterfaced

to PC. The polarizer role was to visualise the variations of the polarization of light
by converting it to the variations of the light amplitudée multiperiodic output
signal caused by the phase shift betweeangl s components opolarized light has

to be processed in order to obtain the values of the phase shift which actually
constitutes the sensor response. This has been dosguensing Origin 8.0
software.The sensing window etched in the top Si&yer was used for detectiof
biochemical reactions. For that purpose a reaction cell of about 0.1 ml in volume was
hermetically sealed against the sensing window. the cell was equipped Jéth in
and outlet tubes connected to a syringe mipramp which provided a stable flow of
liquid through the cell. The developed OPW PI experimentaligevas tested by
recording the signals during injection of solutions of NaCl of different
concentrations into the cell. The refractive index sensitivity (RIS) was found to be of
9683.5 + 153 rad/RIU for a 6 mm long sensing window which is about 1600
rad/RIU/mm corresponding well to theoretical estimation. To our knowledge, the
obtained RIS was the highest reported for optical biosensors.

In parallel to the OPW PI sensor development, week was carried out on the

optimization of the immobilization protocol of breceptors on the $i, surfacethe
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waveguide sensing window. Two types of specific-t@oeptors for mycotoxins
were used, e.g. antibodies and aptamers.

Immobilization of antibdies was achieved by electrostatic binding via the layers of
polycation (PAH) and protein A (or Gmmobilization of aptamers terminated with

SH groups was achieved on aminategNgsurface usingMCC binding layer. A

series of biosensing tests of det®e mycotoxins, i.e. aflatoxin B1, ochratoxin A,
and zearalenone, were carried out in direct assay with either antibodies or aptamers
immobilized on the planar waveguides. All three above mentioned mycotoxins were
detected using their corresponding speciintibodies; the minimal detected
concentrations were of 0.01 ng/ml (or 10 ppt). The sensitivity could be at least an
order of magnitudénigher butwas restricted by poor quality of output signals in
earlier versions of the experimental-set

Aftaloxin B1 and ochratoxin A were both detected in direct assay with their
corresponding specific aptamers using the latest (improved) version of the
experimental setip. The resuft were very impressive: the minimal detected
concentration of the above mycotoxings 1 pg/ml (or 1 ppt), with the LDL of
about 0.6-0.7 pg/ml. The obtained LDL are the lowest among known optical bio
sensing technologies and comparable with the sensitivities of advanced analytical
methods of HPLC and maspectroscopy. The results gparticularly remarkable
considering the labdlee and detection in the most ceftective direct assay
format. The developed novel bsensor is particularly suitable for detection of low
molecular weight analytes, for example toxins. Detection of largkecules is also
possible, as well as the use of other-$@msing formats, such as sandwich or

competitive assay which may increase the sensitivity and selectivity even further.
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The developed biosensor could be considered as a platform biosensingldgyg

for a wide range of applications, such as environmental control, agriculture and food
industry, biemedical. The application could be altered by selecting suitable bio
receptors, e.g. antibodies, or aptamers. The use of aptamers is partictizstivat
because of their lowost, simple and flexible synthesis, thermal and environmental

stability, a simple recovery procedure.

7.2 Future Work

Although considerable time and efforts were put in this work to achieve the main
aim, there is still |gnty of work ahead. The nearest task is to develop a portable
sensor prototype capable of peoftneed detection of target analytes (mycotoxins)

in low concentrations in real samples of water and food.

Such task, which is currently underway, requirealisg down the optical system
using miniature optical components, e.g. ladexde, lensesquarter wavelength
plate, polarizer, and CCD array without housing. The waveguide chips containing
three channels in the core have to be produced using industdaletactronics
technology including photolithography. The electronics for signal acquisition and
processing should be placed on one portable PCB and interfaced to PC via NI card.
LabView software has to be developed for data acquisition which includes the
simultaneous recording of signals in all three channels asiursignal processing

to evaluate the phase shift. The detection of mycotoxins in real samples of water and

food is planned with this portable device.
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Because of the use of three sensingnoleés, simultaneous detection of several
analytes could be explored as well. An option of remote sensing wirelessly

connected to the data processing centre could also be interesting to explore.

Further development which depends on the funding availabldanggt commercial
development of OPW PI sensors for different applications, such as detection of other
toxins, for example phenols, petrochemicals, pesticides for environmental and
agriculture applications, or hormones and-imiedical markers for differérdisease

for biomedical applications.

There are also, some interesting the fundamental science aspects could be studied in
more detail. These may include the use of metal 1st@tures possessing LSPR
phenomenon in combination with planar waveguideheDtmaterials, instead of
silicon oxide and silicon nitride, can be explored for wgueling. A combination of

planar waveguide with LPG could be interesting to explore.

The current work may lead to several projects of both fundamental research and
R&D types which can be carried out in a small scale (through UG, MSc and PhD
projects) as well as large scale research projects funded by UK Research Councils

(EPSRC, BBSRC), European Commission (H2020 and beyond), NATO, etc.
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