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Abstract

The detection of pollutants (such as toxins, heavy metal ions, and pesticides) in
water and food plays an important role in human health and safety regulations. Different
optical biosensing techniques enabling the monitoring of these compounds were chosen
for this study.

Low molecular weight (LMW) environmental toxins, such as simazine, atrazine,
nonylphenol and T-2 mycotoxin were registered with the methods of surface plasmon
resonance (SPR) and the recently developed total internal reflection ellipsometry
(TIRE). The immune assay approach was exploited for in situ registration of the above
toxins with specific antibodies immobilized onto a gold surface via a polyelectrolyte
layer using electrostatic self-assembly (ESA) technique. TIRE showed a higher
sensitivity than the SPR technique. The obtained responses of the TIRE method were
higher than estimated for the immune binding of single molecules of nonylphenol or T-
2 mycotoxin. The mechanism of the binding of large aggregates of these toxins to
respective antibodies was suggested as a possible reason for this. The formation of large
molecular aggregates of toxin molecules on the surface was later proven by the AFM
study.

The prototype of the portable sensor array device for water pollution monitoring
was based on a SiO»/Si3Ny4 planar waveguide with a sensing window coated with ESA
film containing pH sensitive organic chromophore molecules and different enzymes
(namely, urease, acetyl- and butyryl- cholinesterase) adsorbed on a disposable nylon
membrane. The sensor was capable of registration of enzyme reactions as well as their
inhibition by traces of some typical water pollutants, such as heavy metal ions Cd**,
Pb*, and Ni**, and pesticides imidacloprid and DVDP over a wide range of
concentrations (from 1000 ppb down to 0.1 ppb). A portable prototype sensor array
device comprises a fan-beam laser diode, a semi-cylindrical lens, a planar waveguide
with a three-channel cell attached, and a CCD array photodetector. Dedicated software
was developed for CCD image processing and further data analysis with an artificial
neural network.

The large internal surface area within a small volume, efficient room-
temperature visible photoluminescence and biocompatibility of porous silicon (PS) has
stimulated recent interest in its applications for sensor development. The method of
spectroscopic ellipsometry was applied to study in situ the adsorption of bovine serum
albumin (BSA) into PS. The porosity and amount of adsorbed BSA were determined by
fitting the ellipsometric data to the Bruggeman effective medium approximation model.
The presence of intermediate adsorbed layers of polyelectrolytes was found to increase
protein adsorption.
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Chapter 1. Introduction

GltPiEr s

INTRODUCTION

This chapter presents a brief review of the problem of environmental pollution,
analytical methods for their monitoring, and gives a short description of the biosensors

concept.



§1.1 Environmental Pollutions

1.1 Environmental Pollutions

A major current ecological problem is the contamination of the environment
with by-products of industrial and agricultural activities, such as heavy metal ions,
pesticides, herbicides and toxins — because of toxicity leading to health problems.

The use of some pesticides and herbicides, such as atrazine and simazine, is
subject to control due to their high level of toxicity to humans and organisms in the
ecosystem and their low degradability in the environment. However, in 1995
approximately 149 — 160-10° kg of atrazine were used across the world'!l. Due to
extensive use, persistence, water solubility, and relatively weak adsorption in the soil,
atrazine is present in the aquatic environment via agricultural run-off, leaching and
atmospheric input and is therefore regularly and most frequently detected in surface
water'?,

More chemicals were developed and used to increase agricultural productivity;
among them were insecticides, pesticides, and herbicides. The release of pesticides
(even those having relatively low human toxicity, such as an imidacloprid) into the
environment has led to both surface and ground water pollution, and the risk to human
health is increased because they enter into drinking water!*>1. In other instances,
organophosphates, such as dichlorvos, have been designed for use as insecticides but
can also be used as agents of warfare ™l Dichlorvos has a high acute toxicity and has
been classified by the World Health Organization as “highly hazardous”. Like many
organophosphate insecticides, it inhibits cholinesterase levels in humans, which may
result in disruption to the nervous and muscular systems. The compound can leach into
groundwater due to its high solubilitym. Despite the fact that dichlorvos is a mutagen
and a suspected carcinogen, it is still in use in many countries across the world as an
insecticide.

Many chemicals are released into the environment irrespectively of their
toxicological risks. Many of them have the capacity to disrupt the functioning of the
endocrine system[6]. Nonylphenol has attracted attention as an estrogenic environmental
contaminant and has been implicated in the disruption of endocrine function in

wildlife”. Nonylphenol is widely used as an antioxidant and polymer stabilizer, and is



§1.1 Environmental Pollutions

also utilized in the synthesis of non-ionic surfactants. It has been identified in sewage
and river water. A survey of 190 food samples purchased in Japanese markets revealed
that some fish, meat and vegetables are contaminated with nonylphenol at the levels of
10723, 9 — 180 and 7 — 131 ng/g, respectively®). In other surveys, the plastics used in
food processing and packaging often contained a high level of nonylphenol, and it was
suggested that nonylphenol in these plastics can migrate into the fatty foods upon
contact’™ ' 11,

T-2 (also known as “Yellow Rain”), a trichothecene mycotoxin, is a naturally-
occurring mould, a by-product of fusarium fungus which is toxic to humans and animals.
It is the only mycotoxin known to have been used as a biological weapon. It can be
produced from mouldy whole grains such as wheat, oats, barley, maize. It has even been
encountered at very high concentrations in feed mixtures for poultry breeding!?. Toxic
residues in contaminated poultry products, such as meat, liver or eggs as well as those
delivered via the food chain have been proved harmful to humans*. The world-wide
problem of mycotoxicosis is reflected by the fact that the legislation controlling
mycotoxins in both animal feed and human food exists in over 60 countries .

Despite the introduction of water quality targets in the European Union (EU) (i.e.
EU Drinking Water Directive (98/83/EC), EU Dangerous Substances Directive
(76/464/EC), and EU Groundwater Directive (80/68/EC)), there has been no overall
improvement of water quality since the beginning of the 1990s. An estimated 20% of all
surface water in the EU is seriously contaminated'!,

There are many sources of water pollution which can be split in two categories:
point contamination sources and diffuse contamination sources. Point sources include
effluent outlets from factories and waste treatment plants, that emit fluid of varying
quality directly into urban water supplies[m]. Although the industrial and agricultural
contamination of water resources is controlled by EU legislation, these pollutants can
still be found in water. Diffuse sources include contaminants that enter into the water
supply from soil or ground waters and from the atmosphere via rain water. Diffuse-
originated pollutants are determined by the sort of activity taking place iﬁ the area: in
urban and industrial areas, the pollution is mostly caused by heavy metal ions, aromatic
and aliphatic hydrocarbons, while in agricultural areas, it is mainly due to nutrients,

herbicides and insecticides!”.



§1.1 Environmental Pollutions

According to Pearce and Mackenzie!'®! the level of contaminants in rain water
g

(191 that in rain

regularly exceed the legislation limit for drinking water. It was reported
and roof runoff, the maximal pesticide concentration, originating primarily from
agricultural use, occurs during and immediately after the application of pesticides.
According to this research, the maximum average concentrations of atrazine (903 ng/l),
alachor (191 ng/l), and R-dichlorprop (106 ng/l) were registered after a rainfall in
Switzerland. These chemicals appeared to have evapbrated from the fields and were
present in the clouds. For obvious reasons diffuse sources are much more difficult to
control.

The quality of drinking water in Britain is controlled by standards set by the EU
and Water Quality Regulationsm]. 99.93% of all tests carried out on drinking water
supplies in Sheffield, UK, complied with the Water Quality Regulations[ 211 (see

Table 1.1-1).

Table 1.1-1 Guidelines for some chemical parameters in the Water Quality Regulation

and results of water analysis in Sheffield (UK) and Kiev (Ukraine).‘

EU Sheffield (UK) Kiev (Ukraine)
.y Excess of limit in
Pollutant legislation, Real value, . .
/1 min — mas®. uefl comparison with EU
e - > HE legislation™, %
Aluminium 200 8-55 13 -510
Cadmium 5 0.03 -0.07 0
Iron 200 11-112 5-100
Lead 25 0.14-5.68 0
Mercury 1 0.04 — 0.046 0
Nickel 20 0.5-1.12 No information
Pesticides .
: 0.5 0.05 No information
— Total Substances
Atrazine 0.1 0.0008 55255
Dichlorvos 0.1 0.0017 (total content of
Simazine 0.1 0.001 - 0.0017 organic substances)

@ Reporting period: 1% January 2005 — 31* December 2005

4




§1.1 Environmental Pollutions

In spite of the number of regulations in the Ukraine (i.e. Water Code of Ukraine
(1995), Ukrainian Law on Environmental Protection (1991) etc.) the quality of water is
unsatisfactorym]. In 1998, the content of iron, aluminium, and organic substances in the
water supply in Kiev was in excess of the EU limits (see Table 1.1-1). Almost all river
basins in the Ukraine are classified as “polluted” or “very polluted””. The large rivers
(Dnepr, Dnestr, Southern Bug) are all polluted with oxygen-consuming substances,

2. . .
(241 Since water resources are interconnected,

heavy. metal ions, oils, and phenols
pollution in one region can spread widely and uncontrollably to another.

~ The EU environmental legislation is based on human health criteria, and also
challenges the technical limits of current state-of-the-art analytical instrumentation as it
is determined by the current ability to detect pollutants. For instance, the maximum
permitted concentration for any individual pesticide given in the EU Drinking Water
Directive is 0.1 pg/I'®! which corresponds to one-tenth of a parts per billion (ppb).
Therefore, detection of heavy metal ions, environmental toxins, and biological warfare
agents especially in drinking water in the range below 0.1 pg/l is playing an

increasingly important role in human health and safety regulations[26].

? Nevertheless, there are plenty of fish in these rivers.

5



§1.2 Analytical Methods for Environmental Pollutions Analysis

1.2 Analytical Methods for Environmental Pollutions Analysis

In areas such as environmental control, food quality control, medical diagnostics,
industrial process control, and monitoring of biological warfare agents, information
about the presence or absence of additives, contaminants, and natural compounds is
required. Nowadays, the quantitative analysis of different environmental pollutants in
water and food is carried out using standard analytical methods, such as high-
performance liquid chromatography, gas chromatography, mass spectroscopy, and

microbial inhibition tests!?’!

. These methods have been proven to be both highly
sensitive and reliable. However, they are mostly laboratory based and not suitable for
on-site express analysis. They are both time consuming and need highly trained
technicians; the sample preparation procedure is complicated. As a result, the above
methods are generally too expensive[28'33].

~ Alternative environmental analysis techniques based on different principles are
therefore required for environmental pollutant monitoring. Many methods for the
detection and analysis of inorganic and organic compounds in water, food and other
environments are already available and a comprehensive review of the devices currently
employable has recently been published®. Among the most widely used tools are
sensors. These devices are usually low cost and can be used either in situ or on-line for |
the rapid assessment of contamination®®. |

Sensors can be systematized by the type of chemical reaction registered, or by

the type of transducer, or by the signal processing principle, etc. For instance,
depending on the environment, sensors can be divided into two categories: gas sensors,
and sensors working in a liquid environment. Based on the nature of chemical processes
in the sensitive membrane, two types of sensors can be defined: sensors of multiple use,
and single shot (or disposable) sensors. A device that uses a biological element, such as
an immobilized enzyme, cell, immunosystemé, tissues etc. to detect (bio-) chemical
compounds, as a sensor is called biosensors®®.,
Biosensors can also be divided into two large classes:
1. Affinity sensors based upon highly specific binding of biomolecules,

such as reactions between antibodies and antigens in immune sensors;



§1.2 Analyiioal Methods for Environmental Pollutions Analysis

2. Catalytic sensors, which, in addition to specific binding of analyte
molecules from the environment, decompose them into smaller products.

There are many advantages associated with the use of biosensor technology as a
sensitive detection method. The most important of these include specificity as a result of
using biological sensing elements, which can distinguish between the analyte of interest

and other molecules and relatively rapid response time®’’.
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§1.3 Biosensors for Analytical Measurements

The most important characteristics of biosensors are sensitivity or resolution,
selectivity to the target analyte (i.e. the ability to discriminate between different
analytes), response time, recovery time (i.e. the time before the biosensor is ready to
analyse the next sample), and working lifetime (usually determined by the instability of

the biological material)"’,
1.3.2 Recognition elements

Various types of biosensors have been developed in the field of environmental
monitoring. Depending on the nature of the biological sensing element, they can be

divided into microbial sensors, affinity sensors, and enzyme sensors.

a. The concept of microbial sensors

The microbial sensors principle is based on the fact that microorganisms
consume oxygen during their metabolism. Microorganisms can assimilate organic

compounds, resulting in a change in respiration activity, and can produce electroactive

metabolites™!.

The oxygen concentration or electrode-active compounds, such as ammonium

ions, hydrogen sulphide, or carbon dioxide can be measured by monitoring pH. The

measurement of the index of organic pollution in water (biological oxygen demand)“?,

f43]

the detection of the presence of toxic compounds for the food industry'™’, and

environmental monitoring!*¥

are the major application fields for microbial biosensors.
The response time of microbial sensors varies from 0.1 to 360. minutes; and the
detection limit is 0.04 — 125 mg/1"*" %),

- The main advantages of microbial sensors are the following: they are cheap
because an active enzyme does not have to be isolated, and they are tolerant of
suboptimal pH and temperature. However, they have a long recovery time, often contain

many enzymes and therefore, may have low selectivity[4l’46].



§1.3 Biosensors for Analytical Measurements

b.  Affinity sensors concept

Affinity biosensors depend on the use of antibodies, proteins or DNA to
recognise and bind a particular target analyte[‘m.' The most common affinity biosensors
are antibody-based biosensors and are known as immunosensors™*®),

It is well established*® that antibodies are synthesised by animals as a part of
the response to the presence of foreign substances. Macromolecules capable of eliciting
such a response are known as antigens or immunogens. In order to elicit the antibody
formation the hapten (low molecular weight substance) must be bound to a
macromolecule. The specificity of an antibody is associated with a particular site on an
antigen, which is known as the antigenic determinant or epitope. An antibody will
combine specifically with the corresponding antigen or hapten.

When this occurs an antibody-antigen complex, which has different physical-
chemical properties such as mass, Vblume, current etc.,‘is formed (for electrochemical
detection of an immunoreaction is necessary to.use enzymes that will generate
electrochemically-active products”gl). Transducers that enable the detection of changes
in the physical properties of the system (electrochemical, optical or acoustical) can be
used in such measurements”>”. Due to their high specificity, immunosensors satisfy
the requirements of the EU legislation for detecting pesticide residues in drinking
water>',

As has been mentioned above, antibodies are not the only receptor that can be
used as the recognition element, but also DNA, cells, and tissues. The main advantages

of these types of biosensors are the wide range of affinities available, thus expanding

the number of analytes that can be selectively detected™.
C. Enzyme sensors concept

In enzyme (or catalytic) biosensors the bio-recognition element is an enzyme,
which reacts selectively with its substratum (i.e. a molecule upon which the enzyme
acts). The effect of inhibition of enzymes by pollutants is used for their detection™.
The substrate binds with the enzyme's active site (i.e. the region where binding of the

substrate and the reaction occurs). An enzyme combines with its substratum to form an

10
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§1.3 Biosensors for Analytical Measurements

electrochemical sensors varies from 0.1 to 30 minutes, and for ISFET is of the order of
milliseconds®®® >, ‘

Among the advantages of enzyme biosensors are their high selectivity and fast
response time. However, enzymes are expensive and théy often lose their activity when

immobilized on transducers!*!!,

1.3.3 Transducers

Depending on the analyte, the transducer, which is linked to the bioreceptor,

could utilise one of the following sensing principles described below.
a. Thermal transducers

Thermometric (or calorimetric) biosensors exploit the adsorption or emission of
heat, which is proportional to the molar enthalpy and to the total number of product
molecules created in the biochemical reaction™® 1. This is reflected as a change in the
temperature within the reaction medium. The majority of thermal transducers use

enzymes as biological recognition elements, so-called enzyme thermistors'®®.

(61]

According to Ramanathan et al.”", enzymatic reactions generally have a heat

emission of 28 —100 kJ/mol, which makes them suitable for versatile applications. For

affinity reactions, such as antibody-antigen, the thermal changes are not substantial .

b. Electrochemical transducers

There are two main principles used in biosensors based on electrochemical
transducers'®:
' (a)  The potentiometric: Approaches depend on changes in the electric
potential at a constant current. ‘

(b)  The amperometric: Approaches detect changes in the current as a

function of the concentration of electroactive species.

12



§1.3 Biosensors for Analytical Measurements

Potentiometric biosensors are usually based on ion-selective electrodes. These
devices measure the changes in ion concentration during the reaction. A simple sensor
consists of an immobilized enzyme membrane surrounding the probe of a pH meter
‘where the catalysed reaction takes place. For example, the change in pH, which can be
easily read, is induced by the formation of an organic acid during the hydrolysis of the
choline ester by an appropriate esterase. Using thit principle, Tran-Minh et al.[64],
achieved the detection of 0.3 ppb (parts per billion) paraoxon, acetylcholinesterase
(AChE) being immobilized on a glass pH electrode by cross-linking with
polyacrylamide. With the exception of this work, the detection limits reported are
generally close to 3 ppb®!l. .

Amperometric detection is based on measurements at the fixed potential of the -
current generated when electroactive species are either oxidized or reduced at the
electrode. The current produced is directly related to the concentration of the

electroactive species[65 1

C. Gravimetric transducers

The physical phenomenon behind acoustic (also called “gravimetl‘ic”[39])

transducers is based on interaction of the acoustic waves with the material, and the
changes in either the added mass or acoustic wave velocity due to molecular adsorption
or biochemical reactions on the surface of the piezoelectric material (for instance, quartz
crystal). The crystals are placed in an oscillating electric field and the resonant
frequency of the crystal is measured. This resonant frequency depends on the crystal’s
chemical nature, its size, shape, and mass>® 60,

Two different types of acoustic biosensors are known: bulk acoustic waves
(BAW) also known as quartz crystal microbalance (QCM) and surface acoustic waves
(SAW).

The principle of QCM transducers is based on measurement of a resonance
frequency of quartz crystal, which is affected by the added mass of adsorbed molecules.
The method of SAW transducers is based on the registration of changes in the velocity

of surface acoustic waves due to molecular adsorption[39].

13



§1.3 Biosensors for Analytical Measurements

d. Optical transducers

Optical transducers, based on fundamental optical principles such as reflectance,
fluorescence, interference, and polarization, allow the quantitative characterisation of
optical radiation such as amplitude, phase, frequency, and polarization[67’ 681, Optical
biosensors often employ different techniques such as ellipsometry, surface plasmon
resonance, total internal reflection fluorescence, or planar waveguides to measure
changes in the refractive index, thickness or light intensity of the bio-layer caused by

different biochemical reactions.
e. Porous silicon transducers

Porous silicon (PS) based biosensors are another special type of biosensors to be
mentioned. Due to the extremely large surface area (200 — 500 m’cm™)®! of PS and
thus the great adsorption properties, and low cost, PS has been employed as a matrix for
immobilisation for a variety of bio-molecules, such as enzymesm], DNA”l‘m, and
antibodies'”> ™. Electronic or optical properties of porous silicon could be utilized to
transduce biomolecular interactions in biosensor applications! 51 Several physical
principles were exploited in PS transducers, namely, optical Fabry-Perot

(76] [73] (71 (78]

interferometry ", ellipsometry' ', photoluminescence'’*, and electroluminescence

Current work has focused on the use of optical transducers for immune and
enzyme sensors. A detailed description of their working principles and applications is

given in chapter 2.

14



§1.4 Aims and Objectives of this Thesis

1.4 Aims and Objectives of this Thesis

The main goal of this thesis is to develop optical transducers (sensors) for the
detection of environmental pollutants. To achieve this aim the research has been divided

into three parts.

The aim of the first part is:

To investigate and quantify the adsorption of proteins into porous silicon (PS)
using the methods of spectroscopic ellipsometry.
In order to achieve this goal the following objectives are listed below:
e The development of the experimental set-up and technological protocol for the
preparation of PS with required pore size.
e To design an experimental set-up and reaction cells for ellipsometric measurements.
e To immobilize proteins in the PS matrix and to study protein adsorption in PS with
the ellipsometry method.
e To determine the thickness of the adsorbed layers by modelling and fitting the
ellipsometric spectra.

e To study PS morphology using AFM and SEM techniques.

The aim of the second part is:

To employ the method of total internal reflection ellipsometry (TIRE) for the
registration of low molecular weight environmental toxins, such as atrazine, simazine,
T-2 mycotoxin, and nonylphenol in low concentrations down to ng/ml‘ range.

For this task, the following objectives were specified:
® To develop the TIRE experimental set-up on the bases of an M-2000V J. A.

Woollam spectroscopic ellipsometer using the Kretschmann's surface plasmon

resonance geometry and a flow reaction cell.

15
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To immobilize antibodies on a solid surface using the method of ESA.

To register low molecular weight (LMW) environmental toxins using a cost
effective direct immune assay approach, when molecules of toxins are binding to
immobilized specific antibodies.

To perform fitting of the TIRE spectra in order to establish a model of specific
binding of LMW toxins.

The aim of the third part is:

To develop a portable prototype sensor array device intended to detect in situ

heavy metal ions and pesticides in water and to evaluate their concentration. The system

is based on the Si/Si0,/SisN4/SiO,” planar waveguide transducer operating in the

regime of attenuated total reflection (ATR), with a sensing window, coated with an

electrostatically self-assembled sensing membrane. This membrane contains pH

sensitive organic chromophore molecules; enzymes were immobilized on nylon

membranes and placed on the top of the coating. The measurements of both the enzyme

reactions and their inhibition by traces of some water pollutants are used.

The following objectives are specified for this part of the research work:
To design a portable CCD-based sensor array device and a multi-channel reaction
cell and to develop the software for CCD image processing.
To produce composite sensitive membranes comprising of disposable nylon sheets
with immobilized enzymes and pH sensitive electrostatically self-assembled (ESA)
films containing chromophore molecules of cyclo-tetra-chromotropylene tetra-
sulfonic sodium salt (CTCT).
To investigate the response of the produced composite membranes to different
pollutants using the effect of attenuation of light intensity propagated through the
planar waveguide.
To build a database of sensor array responses to different pollutants; then to
identify and quantify the pollutants using a standard MATLab pattern recognition

algorithm.

? 8i/Si0,/Si3N4/Si0, = Silicon/Silicon dioxide/Silicon nitride/Silicon dioxide

16
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Chapter 2. Optical Biosensors: Theoretical Background and Literature Review

BEARTER 2,

OPTICAL BIOSENSORS:
THEORETICAL BACKGROUND
and LITERATURE REVIEW

This chapter comprises four sections and provides the literature review and |
theoretical background related to this study. It begins (section 2.1) with a brief theory of
porous silicon formation and optical properties of porous silicon from the bio-sensing
point of view.

The next section 2.2 is devoted to the theory, principles of work and applications
of optical immune sensors; principles of immune reactions and optical methods of their
registrations, such as ellipsometry, surface plasmon resonance, total internal reflection
ellipsometry, and planar waveguide are taken into consideration.

Section 2.3 reviews a background of the concept of optical enzyme sensors for
organophosphates and heavy metal ions detection.

Finally, section 2.4 introduces and gives a brief description of analytes of

interest.



§2.1 Porous Silicon-based Optical Biosensors

2.1 Porous Silicon Based Optical Biosensors

2.1.1 Porous silicon basics

a. Pore formation

Porous silicon (PS) is fabricated by an electrochemical etching of silicon (Si) in
a hydrofluoric (HF) acid solution. Pore initiation occurs at surface defects or
irregularities!. Because of the electrochemical reaction occurring on the surface of the
silicon, a partial dissolution of Si occurs. The exact chemistry of silicon dissolution is
still uncertain, and several models have been proposed™>!. Excellent reviews of PS
technology are available (see Ref. ™ for instance).

Lehmann and Gosele™ have proposed a surface bound oxidation scheme of the

formation of the divalent silicon oxidation state by capturing a hole and subsequent

emission of the electron, as shown in Fig. 2.1-1.

\S' o \S' / Hole injection and attack on a Si—H
/ \ \ / \ S/S \ H/ H bond by fluoride ion;
/N /N
\ >S)/<><F \ >S< F . T Second attack by a fluoride ion with
/S\O /S\ P/H /S\ /3< + H hydrogen evolution and electron
/S\ k /3\ F injection into the substrate;
. F ‘

HF attacks the Si—Si backbonds. The
remaining Si surface atoms are

bonded to the H atoms and a

F F

H' F / \ tetrafluoride molecule is produced;

l'\ / F 2HF The silicon tetrafluoride reacts with
i — > HSiIFFk T >  SiFY+2H

two HF molecules to give H,SiFs and

then ionizes.

Figure 2.1-1 Silicon dissolution scheme proposed by Lehmann and Gosele (after Ref.[%),
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§2.1 Porous Silicon-based Optical Biosensors

Due to the hydrophobic character of the clean Si surface, ethanol (C;HeO) is
usually added to the HF solution in order to increase the wettability of the Si surface
(water is part of the electrolyte merely because the hydrofluoric acid was supplied in a
~49% aqueous form). Moreover, during the reaction there is hydrogen evolution.
Bubbles form and stick on the Si surface in pure HF aqueous solution, whereas they are.

promptly removed if ethanol or other surfactant is present®.

C. PS morphology

SEM images of PS reveal that PS consists of isolated crystallites and/or chains
of crystallites linked by narrow silicon walls!"®. The properties of PS, such as porosity,

thickness, and pore diameter depend on!!l;

@ Doping type;

@)  Doping level;

(@ii)  Anodization current density;
(iv)  Electrolyte composition;

(v) HF concentration;

(vi)  Anodization time.

For instance, porosity increases with increases of the current density and
anodization time. Increases of the HF concentration lead to porosity decreases. For p-
type doped substrates (at given HF concentration) the porosity increases with increasing
current density. In n-type doped Si, the porous layers obtained at low current density
have a finer structure. | ,

A p-type silicon substrate forms a uniform and highly interconnected network of
random pores, resulting in a spongy structure (Fig. 2.1-3a). In n-type samples, the pores
are formed only under illumination and are relatively linear (Fig. 2.1-3b).

At higher current densities, the pores widen further; in n-type, the linear pores
tend to become pipe-like. At very high currents, silicon is uniformly etched away,

leading to electropolishingm’ Bl
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§2.1 Porous Silicon-based Optical Biosensors

When Si‘is the anode, the system is forward biased for p-type silicon, whereas
for n-type silicon it is reversely biased. Under illumination, n-type and p-type Si exhibit

similar I-V characteristics.

e. Porosity

The sample porosity is the most exploited macroscopic parameter used to
describe the PS morphologies. Porosity is defined as a fraction of voids within the PS
layer and can be determined by weight measurements. The silicon wafer is weighted

before anodization (m, ), after anodization (m,), and after removal of the whole PS
layer from the substrate (m;) by dissolution in a 3% potassium hydroxide (KOH)

solution. The porosity p can be calculated as™®:
p “MT™ 100% .
m, —nm,
Porosity can be controlled by the etching current density. As it has been

mentioned before, the Si dissolution process requires the presence of fluorine ions (F ™)

and holes (4"). At the low current density (pore formation regime), when the fluorine
ions are delivered faster than the holes, the outer-pore regions of PS are depleted of
holes, and further etching occurs only at the pore tips, where the holes are focused by
the electric field (see Fig. 2.1-5). Decreasing the current density leads to a drop in the

number of holes at the pore tips, and this leads to a smaller pore size!'®!.

The International Union of Pure and Applied Chemistry (IUPAC) has proposed
(19] '

the classification of pores according to their sizes' ~ as follows:
1. Pores with diameter exceeding 50 nm are called macropores;
2. Pores of diameters between 2 nm and 50 nm are called mesopores;
3. Pores with diameters less than 2 nm are called micropores.
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§2.1 Porous Silicon-based Optical Biosensors

EL intensity first rises with time, reaches a maximum, and then decays to zero.
At the same time, the peak of the EL spectrum shifts from A4=850 nm in the beginning
to A=600 nm at the end of the process. An envelope of all emitted EL spectra during
the anodic oxidation of a sample (i.e. time integrated spectra) is similar to the PL

spectrum of that sample[24].

(2} suggested that the similarity between the time

John and Singh in their review
integrated EL and the PL spectrum is the result of a similar nature of radiative
recorhbination in both processes. However, the mechanisms of the carriers involvement
in radiative recombination are different. Carriers for PL are generated optically.

In the case of electroluminescence, the contribution to the EL, at the beginning,
is mainly from the larger nanocrystallites. This is because such particles are associated
with smaller energy gaps, so that electron injection from the electrolyte requires less
energy (lower voltage). With time, these nanocrystallites become covered with oxide

due to the EL current flow. At this point, the current is diverted to smaller

nanocrystallites and electron injection into such crystallites requires a higher voltage.

2.1.2 Porous silicon for biosensing applications

The large internal surface area within a small volume, efficient room-
temperature visible photoluminescence and biocompatibility of PS has. stimulated recent
interest in its applications for sensor development. The main advantages of sensors
based on PS technology are™®!;

(i) The pore size can be easily adjusted from nanometers to micrometers by
choosing appropriate etching conditions™®®;

(ii) Sensing components (e.g. biomolecules like enzymes and other proteins) are
protected against fast leaching out due to the sponge/maze morphology of PS;

(iii) A large surface area of PS promotes the miniaturization of sensors since the
measuring signal (for instance, capacitance) raises with the iﬁcrease of the effective

sensor ar eam];
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§2.1 Porous Silicon-based Optical Biosensors

(iv) Due to a high concentration of adsorption sites on the PS surface, the
sensitivity of PS transducers to molecular adsorption can be increased. The
amplification of sensitivity via increasing the surface area can be achieved, for example,

using antibody-coated nanoparticles[zsl [29, 301,

or surface-enlarging layers of polymers
However, these methods are expensive, time consuming, and sample preparation
procedure is complicated, also porosity is much smaller.

The immobilization of proteins[:”]

on solid surface has an important function in
the technologies employing bio-recognition events. Understanding of the protein
(enzyme)-solid substrate interaction and diffusion of biomolecules inside the PS matrix
has a great impact on PS-based biosensor techniquesml, Several experimental attempts
have been made to study molecular adsorption and to perform different chemical and
bio-chemical reactions in a PS matrix. The most popular optical principles exploited in
PS transducers include ellipsometry, Fabry-Perot interferometry, and

photbluminescence.
a. Ellipsometry

The use of the powerful analytical tool of ellipsometry” to monitor changes in
optical parameters of PS in the course of bio-reaction was demonstrated by Arwin™.
The advantages of this transducing technique lie in a combination of the high sensibility
of ellipsometry with the large adsorption area of PS and allow the registration of small
molecules bonded to receptor proteins. Moreover, variable angle spectroscopic
ellipsometry can be used for characterization of PS layer thickness, porosity and

microstructurel>* 33361 (37,381

and to monitor and quantify protein uptake by a PS matrix

Detection of the specific binding of small molecules to receptor molecules
requires high sensitivity. Another spongy medium of porous silicon dioxide surfaces has
been used by van Noort et al.** for monitoring the specific binding of low molecular
weight molecules (biotin and oligopeptide) to streptavidin with the ellipsometry

technique.

-* A detailed overview of ellipsometry working principles is given in chapter 2.2.2.
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§2.1 Porous Silicon-based Optical Biosensors

changes in the carrier charge density of the porous silicon layer in response to the local
increase in the electric field generated by hybridization of the nucleic acids.

The observed phenomenon is thus an example of an active sensor matrix, in
which the molecular recognition signal is transduced and amplified by profound
changes in the chemical reactivity and physical properties of the solid support itself.
The lowest DNA concentration measured with the PS interferometric sensor is

9 fg/mm* . For comparison, the detection limit of the surface plasmon resonance

technique is 0.3 pg / mm* 6.

Biological interactions take place in an aqueous environment, usually at pH~7,
and the PS surface has to be stable under these conditions. However, PS manifests
various degrees of stability in aqueous media depending on the surface preparation.
Stability of PS layers in aqueous solution has been investigated by Janshoff et al“”, In
their study the stabilities of freshly etched, oxidised, and linker-modified surfaces were
investigated. PS stability towards corrosion in aqueous media varies substantially in the
following decreasing order: linker modified > thermally oxidised > ozone oxidised > Si-
H terminated. The observed decrease in the effective optical thickness with time appears
to be caused by the oxidation or dissolution of porous silicon. Furthermore, dissolution
of the porous layer can lead to a decrease in the layer thickness or an increase in the
porosity.

Dancil et al.” investigated the use of PS as an immobilisation and transducing
matrix for monitoring protein—protein binding, namely protein A with IgG. The Fabry-
Perot transduction was achieved by monitoring the change in the effective optical
thickness of a PS film upon analyte binding. The stability of PS surface towards
QXidation in an aqueous buffer solution, reversibility, insensitivity to nonspecific
interactions, and the correlation of signal response with analyte mass were observed in

this work.
C. Photoluminescence

PS has received getting increasing attention in the biosensor field due to its

luminescence being strongly reactive with the environment’®, The intensity and the
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§2.1 Porous Silicon-based Optical Biosensors

spectral shape of PS luminescence are strongly dependent on the chemistry of its
surface; moreover, adsorbed molecules can quench the photoluminescence (PL)[48].
Light emitting properties of PS were used by Starodub et al!**! to create an
immunosensor capable of detecting myoglobulin® in ébuffer solution and human serum.
The effect of the extinguishing of PS photoluminescence, due to the molecular
adsorption and immunocomplex formation on the PS surface, was exploited by
Starodub and colleagues™). It was shown that the absorption of immune components in
PS and the following immune reactions affect the intensity of PL; the sensitivity of the

above sensor was 10 ng/ml.

Di Francia and co-workers®®"! have reported on the fabrication of an optical
label-free DNA sensor using luminescent PS as an active transducer. The specific single
strand DNA (ss-DNA)-complementary strand DNA (c-DNA) interaction has been
directly “sensed” as a variation in the PS photoluminescence. The -authors
functionalised the PS surface by a linker and then exposed it to ss-DNA. The PL
showed a 12% variation when the derivatised samples were exposed to 10 pM aqueous
solution of c-DNA, while no effect was recorded with the non-complimentary (nc-DNA)
at the same concentrations. The effect of the length and composition of DNA
oligonucleotides on the PL intensity and peak position were also reported.

Bindings of short oligonucleotides of DNA to probe molecules immobilised on
the PS chip were observed by Chan et al.l®* through the wavelength shifts in the
photoluminescence peaks. Full-length viral DNA molecules were also detected in this
work; a larger shift in the photoluminescence peaks was observed, due to the larger

refractive index change of the binding molecules.
d.  Electroluminescence

As a technique, electroluminescence (EL) seems to be more attractive because it
combines the high sensitivity of luminescence measurements with the much easier and
cost-effective method of its excitation as compared to PL. Moreover, EL can be

performed by simple measurements of emitted light intensity at a fixed wavelength. In

* Myoglobulin serves as marker of the development of the heart disease
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30

addition, the use of an electrolyte contact in EL measurements allows easy operation
with chemical and bio-reactions in the aqueous phase*!. However, much less work has
been done so far on the application of EL for chemical and bio-sensing. The influence
of polyelectrolytes on reproducibility and stability of EL in PS and effect of adsorption
of bovine serum albumin (BSA) (as an example of common proteins) on EL quenching
have been studied by Nabok et al.>*. |

e. Non-optical principles

A novel enzymatic PS-based potentiometric method for detection of ,
triglycerides“ has been reported by Reddy et al.>). PS was thermally oxidizé_d and used
to immobilise lipase, an enzyme which hydrolyses - triglycerides resulting in the
formatioﬁ of fatty acids. This caused a change in the pH of the solution. The structure
enzyme solution—oxidized porous silicon—crystalline silicon was used to detect changes
in pH during the hydrolysis of triglyceride as a shift in the capacitance—voltage
characteristics.

Biochemical sensors with a PS capacitor have been also developed by Liith et
al.’® and according to their research, the measured capacitance value increased up to a

factor of 30 due to the enlargement of the active sensor area.

" * The amount of triglycerides is a clinical parameter that is correlated to heart disease.
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§2.2 Optical Immune Sensors

2.2 Optical Immune Sensors

Adsorption of quite bulky antibodies on the surface is usually accompanied by a
substantial increase in the mass and thickness of the sensitive Vlayer and can be easily
detected with optical biosensors, based on evanescent wave technology, such as surface

plasmon resonance, ellipsometry, and planar waveguides as described below.

2.2.1 Surface plasmon resonance

a. Surface plasmon waves

The principles of surface plasmon resonance (SPR) are explained in detail
elsewhere®”** %! In brief, the SPR is the result of a resonant coupling between a light
wave and a surface plasma (plasmon) wave (SPW) along the interface between a metal
and a dielectric. ’

SPW is a TM-polarized electromagnetic wave (magnetic vector is perpendicular
to the direction of pfopagation of the SPW and parallel to the plane of the interface)
connected with a charge-density oscillation that may exist on the interface between a
dielectric and a metal. The most suitable metals for the excitation of the SPR are those
with a high negative value of the real part of the dielectric constant, like silver, gold and
aluminium®*°",

The SPW propagates along the metal/dielectric interface, and the associated
electric field decays exponentially away from the surface!® as an evanescent wave
(“evanescent” from the Latin for vanishing). This decay is characterized by a
penetration depth which is the distance from the interface (coordinate x), at which the
amplitude of the electric field falls by a factor 1/e, and a propagation length, which is
the distance along the interface (coordinate z), at which the power decays by the factor

1/e. The field profile with a characteristic decay in the direction normal to the interface

is depicted in the inset of Table 2.2-1.
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