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Abstract

ABSTRACT

Low temperature processed, porous sol-gel glasses represent a new class of
materials for the immobilisation of biomolecules. If used to entrap biological
recognition elements, these transparent and chemically inert glasses offer a new
approach in the development of optical biosensors.

In this study, bovine serum albumin (BSA) was entrapped within silica sol-gel
monoliths. Intrinsic fluorescence was used to investigate the properties of
dissolved and entrapped BSA. The results showed that BSA retained its native
conformation upon immobilisation in sol-gels, and was stable for at least 2
months.
Immersion of BSA-doped sol-gel monoliths in a fluorescent probe solution (8anilinonaphthalene-1-sulphonic acid; ANS) demonstrated that the protein
remained active in the silica matrix and underwent the same reactions as in
solution. Monitoring of the ANS-BSA binding signal over time enabled the
construction of diffusion profiles, from which response times (R1) were determined

- R1 being defined as the minimum time within which all accessible entrapped
BSA became ANS-bound. One of the key factors of any applicable biosensor is a
rapid response to the analyte. Attempts to reduce Rt were therefore performed by
increasing the ANS/BSA molar ratio and decreasing the optical path length of the
sol-gel monoliths, using various commercial and home-made moulds. The
average R1 obtained with 3 mm thick sol-gels was 6 minutes.
Faster response times were achieved by preparing silica sol-gel thin films, using
a spin-coating technique. Immobilisation of BSA in sol-gel films was carried out in
two ways, namely, sandwich configuration and microencapsulation in single
layers. The latter method allowed a more even distribution of the sol-gel dopant
throughout the films, whereas the former one proved to be more sensitive. Due to
the limited capability of the spin-coating apparatus, produced in-house, neither
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neither method met the repeatability/reproducibility requirements of any viable
sensing application.

The work carried out on monolithic gels was then pursued further and applied to
the

enzymatic determination of hydrogen

peroxide

(H 20 2 ).

Horseradish

peroxidase, encapsulated in thin silica monoliths (- 1.7 mm thick), catalysed the
oxidation of Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) with H20 2 to
produce a highly fluorescent dye, which emitted at 584 nm when excited at
563 nm. Amplex Red had an excellent photo- and chemical stability, allowing the
reaction to occur with a minimal background over a long period of time. Increase
of the sol-gel porosity, achieved by optimising two main sol-gel parameters (i.e.
pH and water/silica precursor ratio), enabled the linear quantification of H2 0 2
between 0 and 0.13 ppm in 2 minutes, with a repeatability of - 7 % and a
correlation coefficient of 0.998.
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AIM AND SCOPE
OF THE PROJECT
The overall aim of this thesis was to show the potential of sol-gel matrices in the
development of optically based biosensors. More specifically, the purpose of this
project was to demonstrate the suitability of sol-gel

matrices for the

immobilisation of biomolecules, and to tailor the sol-gel materials in order to
develop a biosensing system for the fluorimetric determination of hydrogen
peroxide. As far as it was possible, the sol-gel biosensor in question had to
feature

the

following

requirements:

(i)

good

sensitivity,

(ii)

good

repeatability/reproducibility, (iii) rapid response to analyte, (iv) cheap and simple
preparation and operation protocols.
The first chapter introduces some of the theoretical aspects involved in sol-gel
biosensors, which, for clarity, have been divided into two sections. The first
section concerns biosensors in general. lt provides a definition of a biosensor,
followed by a description of its main components, the bioreceptor, the transducer
and the interface between them, leaving aside the different aspects of signal and
data treatment. This section then ends with an overview of the applications of
biosensors.

The second section deals with sol-gel processing. lt covers the different steps of
a conventional sol-gel process, i.e. hydrolysis/condensation, followed by casting,
gelation, ageing, drying and sintering. lt then highlights the processing
modifications required to achieve biomolecular encapsulation. The influence of
the major sol-gel parameters (such as temperature, pH, catalyst and alkoxide
precursor type, water-to-silane ratio, etc ... ) on the final sol-gel properties are
reviewed. The advantages and disadvantages of sol-gels are also listed. Finally,
a few examples of published work illustrate how the sol-gel technology extends
across a variety of fields, i.e. chemical sensors, biosensors, chromatographic
supports and catalytic materials.
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Chapter 2 is devoted to the materials and methods used throughout the project.
First, the instruments and chemicals are listed. Second, the theoretical and
practical aspects of fluorescence detection are presented. Third, a standard
preparation protocol of sol-gel monoliths is described, along with the various solgel moulds employed. Fourth, the theory of sol-gel thin film preparation is
covered,

with

emphasis

on

the

spin

coating

technique.

Finally,

the

physicochemical interactions taking place within silicate gels are discussed.
Chapter 3 reports the experimental work performed with monolithic sol-gels.
Bovine serum albumin (BSA) was used as a model biological dopant. The
structural conformation, stability and activity of BSA, encapsulated in silica solgels, were studied. The effect of ageing/drying times, as well as analyte and
dopant concentrations were investigated on monolithic sol-gels of different sizes.
A competition assay was also developed. Finally, various antibodies were
encapsulated in silica monoliths in order to examine their structural conformation
and stability once entrapped in sol-gel matrices.
Chapter 4 covers the experimental work carried out with sol-gel thin films.
Immobilisation of BSA in silica sol-gel films was accomplished in two ways,
namely, sandwich configuration and microencapsulation in single layers. In both
cases, the film preparation protocol was detailed and followed by a discussion of
the results. Rhodamine B was then used as the sol-gel film dopant in order to
gain insight into the heterogeneous character of single layer films.
Chapter 5 presents an application of the sol-gel matrix to the detection of
hydrogen peroxide. Two catalysts were used for the oxidation of fluorogenic
substrates by hydrogen peroxide, the enzyme horseradish peroxidase (HRP) and
hemin, an iron-porphyrin complex that can mimic the catalytic behaviour of HRP.
In both cases, appropriate fluorogenic substrates and optimum reaction
conditions were examined, before attempting a calibration.
Chapter 6 presents a conclusion on each experimental chapter (chapter 3, 4 and
5) and finally a discussion on further work.
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1.1

Sol-gel biosensors

BIOSENSORS
1.1.1

Introduction

What exactly is a biosensor? One may be surprised by the different definitions
given in the abundant literature related to this field. But one must consider the
multidisciplinary expertise that underpins successful research and development
in biosensors. Such life sciences as pharmacology,

protein

chemistry,

immunology, genetic engineering and biochemistry may be involved; and from
the physical sciences side, materials science, nanotechnology, electronics,
surface chemistry or, more succinctly, physics. The last two decades have
witnessed an extraordinary growth in research on sensors in general and on
chemical and biochemical sensors in particular. For the biosensing field, it is a
reflection of the diverse applications and types of biosensors. it is appropriate,
therefore, to claim that the biosensing research represents an interdisciplinary
area for which sharp limits cannot be easily defined.
Since the production of the first biosensing device in 1962, the concept of
biosensor has evolved. Some authors define a biosensor as any sensor
physically or chemically operated in biological samples, without the implication of
a biologically active material. Others emphasise the importance of such sensors
being very small and portable, if not implantable. Because of the different
approaches accomplished by various research groups, the term biosensor has
obviously been applied to many kinds of configurations. Nevertheless, most
authors agree with the necessity of a biological sensing material closely
associated with a transducer to form a biosensor.

1.1 .2

Definition

While the term biosensor conjures up notions of miniaturisation and electronics,
which, in general apply to modern sensors, they are not definitive. A sensor1 can
be defined as an analytical device, which responds to a physical stimulus,
producing a signal applicable for measurement, interpretation or control. The
sensor comprises three essential components:

2

Chapter 1

Sol-gel biosensors

•

the detector, which recognises the physical stimulus;

•

the transducer, which converts the stimulus to a useful electronic output; and

•

the output system, which involves amplification, data acquisition and display
in an appropriate format.

Under this definition, a biosensor· 3•4•5 can be regarded as the type of sensor,
which employs a biological/biochemical detection system. In other words, a
biosensor (see schematic diagram in Figure 1.1) consists of a biological sensing
element (antibody, enzyme, cell, etc.) in close contact with an appropriate
transducer (electrochemical, thermal, optical, etc.) for conversion of the biological
recognition event into a useable output signal.
Target
analyte

l

~

J;?.""'

0

D

~

Bioreceptor

Oo~

~

0 .....
0

Transducer

~

;;;.

----- c
Sample

Micro
electronics

) _ _ _ _ _ _ _ _ _ _ __.~------l.. ~----

Biomolecular
recognition

Physicochemical
signal

Electrical
output

Data
processing

Figure 1.1 Configuration of a biosensor.
The biological detection system, commonly known as bioreceptor, is not only
responsible for the selective recognition of the analyte, but also the generation of
the physico-chemical signal monitored on the transducer.

Because the

bioreceptor is the definitive component of a biosensor, it is essential to devote
some discussion to this subject. This is done in section 1.1.3.
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The second component of a biosensor, the transduction process, is very much
the domain of the physicist, but it is also important to consider the interface
between the detector and the transducer, which often constitutes the major
hurdle in the development of a practical device. The attachment of the
biochemical receptor to the transducer surface, or immobilisation as it is usually
termed by practitioners, is critical to the efficiency of the biosensor. The
immobilisation process must produce durable and repetitive binding of the
detector to the transducer without impairing the activity and specificity of the
bioreceptor for the target analyte.
The final component of a biosensor, the output system, is the domain of
information technology and, while worthy of considerable effort as far as the
finished product is concerned, is beyond the scope of this thesis.

1.1 .3

Bioreceptors

We have already acknowledged that the biological recognition element or
bioreceptor is of paramount importance in a biosensing device. lt is indeed
responsible for the selective recognition of the analyte, but also the generation of
the physicochemical signal monitored on the transducer and, ultimately, the
sensitivity of the biosensor. The bioreceptors 3·6·7 can be categorised into two
main groups of biosensors: catalytic, as typified by enzymes, and irreversible or
affinitive, of which antibodies are the best known example.
1.1.3.1

Catalytic biosensors

The catalytic biosensors incorporate enzymes, microorganisms, cells or tissues.
They are appropriate for detecting analytes in the millimolar to micromolar (10" 3 1o· 6 M) concentration range and can be used for continuous monitoring.
Enzymes were, and remain, the first choice as a detector, balancing a high level
of amplification of the biorecognition process with selectivity. Enzymes are
protein molecules, long chains of 20 different amino acids, which are so
structured as to confer a remarkable ability for catalysing specific reactions. From
an analytical point of view, the most important classes of enzymes are the
oxidoreductases, which use oxygen or nicotinamide adenine dinucleotide (NAD)
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to catalyse the oxidation of compounds, and the hydrolases, which catalyse the
hydrolysis of compounds.

Single-enzyme systems may not always prove ideal, either through instability via
thermal denaturation or interaction with products or intermediates, or can lose
their activity in the immobilisation step. Multi-enzyme detection systems can often
be used to regenerate an expensive eo-enzyme or to produce a detectable
product not available from a single-enzyme step. Using plant or animal tissues or
whole cells can permit. a complex sequence of reactions because eo-enzymes
and other cofactors are present in a more stable/natural environment. Typically,
there will be a loss of specificity in such biosensor systems, but the detection of a
species rather than a specific analyte may be advantageous in some
applications.
1.1.3.2

Affinity biosensors

The affinity class biological component comprises antibodies, antigens, protein
receptors and nucleic acids. They are more suited to "one-shot" detection rather
than monitoring applications, since the binding is essentially irreversible. The high
binding constant favours the selective detection of very small analyte quantities
(10-6 - 1o-9 M).

lmmunoreceptors (antibody/antigen) are the dominant type of affinity receptors,
as far as biosensor applications are concerned. Antibodies are highly selective
glycoprotein molecules, which are produced by mammalian immunological
systems in response to the introduction of a foreign molecule (antigen). An
antigen is simply any substance (molecule, hormone, virus, bacteria, etc.) which
elicits antibody formation and reacts specifically with that antibody. Since the
antibody-antigen reaction is so specific, each can be utilised as a specific
chemical detector for the other.

Also included in the affinity receptor grouping are a series of non-catalytic
proteins of non-immune origins. They span cell membranes and allow the binding
signal to be transduced through the membrane by structural change or
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associated enzyme activity. According to their function and binding mechanisms,
these transmembrane proteins are classified into two groups: those that open an
ion channel (e.g., acetylcholine), and those that involve secondary messenger
generation (e.g., lectins).

1.1.4

Biomolecule immobilisation

One key factor in biosensor construction is the development of immobilisation
technologies for stabilising biomolecules and attaching them to surfaces. The
usual aim is to produce a thin film of immobilised biologically active material on or
near the transducer surface, which responds only to the presence of one or a
group of substances requiring detection.

Not only are practical biosensor applications dependent on the effective
integration of several biological and physical technologies, the final performance
of a biosensor is inextricably linked to the immobilisation technique employed.
This section focuses on the requirements and various attachment methods used
for biomolecule immobilisation in biosensors.
1.1.4.1

Immobilisation requirements

To achieve efficient biosensing, the immobilisation technique must satisfy a
number of requirements
•

6

:

the biological material needs to have a high degree of specificity to the
analyte of biological interest;

•

the biological element must retain substantial biological activity once
immobilised;

•

the biological sensing layer must remain tightly associated with the transducer
surface and have long-term stability and durability; and

•

the biological component must not diffuse into the sample medium during use
of the biosensor.

Other advantages often sought of the immobilisation method are that the
biological sensing layers be assembled by reproducible procedures and that,
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once formed, these sensing layers be adaptable to different environments (e.g.,
changes in pH, temperature, ionic strength, chemical composition).

The issue of sensitivity is also important for an effective sensing device.
Biosensor sensitivity depends on both the sensitivity of the detection system and
the density of distribution and/or orientation of the bioreceptor near the sensor
surface. Although a high surface density of functional biological molecules is
required for a sensitive device, overloading of the surface should be avoided,
particularly for affinity-based biosensors where the biological component is
interacting with another biomolecule. In these systems, overloading often leads to
biomolecule aggregation with an associated reduction in activity.

Another important consideration in biomolecule immobilisation is the necessity for
uniform layering/distribution and structure of the biological active material, which
has long been recognised as a prerequisite for the production of an optimal
biosensor surface.

1.1.4.2

Immobilisation techniques

A wide variety of methods are commonly used for the immobilisation of
bioreceptors 6 • They include:
•

physical or chemical adsorption at a solid surface;

•

covalent binding to a surface;

•

entrapment within a membrane, surfactant matrix or polymer;

•

cross-linking between molecules.

With the advent of sol-gel technology, an alternative method for the
immobilisation of biomolecules is also available, i.e. encapsulation in sol-gel
matrices. The immobilisation method employed depends on a number of factors,
but in general the method needs to be compatible with the biomolecule being
immobilised, the sensor surface or matrix on which immobilisation is to proceed,
and, ultimately, the end use of the biosensor.
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Adsomtion onto solid surfaces

Adsorption of biomolecules from solution onto solid surfaces can proceed via
either physical or chemical interactions. Physical adsorption involves van der
Waals forces, ionic binding or hydrophobic forces, whereas in chemisorption
there is a sharing or transfer of electrons to form a chemical bond.

The main advantage associated with direct adsorption onto solid surfaces is that
it is a simple method, which can be performed under mild conditions. In general,
however, adsorbed biomolecules exhibit a certain degree of reversibility and, with
few exceptions, the forces involved in the binding are not very strong. Moreover,
irregular distributions of randomly oriented protein are commonly observed on the
surface. Hence, this type of biosensors is mostly insensitive and displays a large
degree of non-specificity. In many cases where biomolecules have been
effectively bound to solid surfaces through adsorption, they have denatured in the
process, thereby losing their biospecific activity.

The direct adsorption of proteins on polystyrene microtiter wells for use in
enzyme-linked immunosorbent assays (ELISA) has over the years become a
common immobilisation method due to its simplicity and cost. Several research
groups have shown that direct adsorption to polystyrene surfaces can lead to
conformational changes within the protein molecule and, hence, a loss in
functionality of such molecules. Despite such problems, the simple adsorption
assay remains a major clinical assay system in use today.
Covalent binding

In covalent binding techniques, biomolecules have been immobilised on solid
surfaces through the formation of defined linkages. Covalent immobilisation has
been employed to improve uniformity, density and distribution of the bound
proteins, as well as reproducibility of the surfaces.

Biomolecules such as enzymes and proteins have many functional groups
present for covalent binding onto surfaces; these include amino-acid side chains,
carboxyl, sulfhydryl, phenolic, thiol and imidazole groups. Covalent binding has
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the advantage that the biomolecule is generally strongly immobilised on the
surface and therefore unlikely to detach from the solid support during use.
Another advantage is the variety of functional groups available for covalent
immobilisation, which allows the active site of the binding process to be avoided.
lt is important that the reagents used in achieving biomolecule immobilisation do
not result in a loss of activity due to reactions involving the functional groups.
Entrapment within a membrane or polvmer

The immobilisation of biological components in a polymeric gel or behind a ·
membrane is a relatively straightforward process. A number of polymers have
been used for the inclusion of enzymes, cells and organelles. These include
polyvinyl alcohol, polyvinyl chloride, polycarbonate, polyacrylamide and cellulose
acetate. Protein entrapment can, for instance, occur by photo- or irradiationpolymerisation of a solution containing the acrylate monomers and the protein to
be immobilised. However, these methods do suffer from the drawback of leakage
of the biological species during use, resulting in a loss of activity.
Cross-linking

Cross-linking of biological components by means of a multifunctional reagent
affords enhanced stability of the adsorbed enzymes or proteins that are
covalently bound onto the support. Glutaraldehyde, which couples with the lysine
amino groups of enzymes, is by far the most common cross-linking agent in
biosensor applications. There are a number of disadvantages associated with this
method: (1) it is difficult to control the reaction; (2) the protein/enzyme layer
formed is usually gelatinous and not rigid; (3) large amounts of biological material
are required; (4) cross-linking can lead to\ the formation of multilayers of
protein/enzyme, resulting in low activity of the immobilised layers; (5) large
diffusional barriers to the transport of the biological species may result, leading to
retarded interactions.
Sol-gel encapsulation

The sol-gel approach is unique compared to the above conventional methods
because encapsulation is based on the growing of polymer chains around the
biomolecule within an inorganic gel network. The matrices are porous gels
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formed by the hydrolysis and condensation-polymerisation of metal and
semimetal alkoxides, mostly SiOz materials. Such matrices are optically
transparent thereby allowing the chemical interactions of the entrapped biological
molecules to be monitored spectroscopically.

Because of its relative simplicity and its numerous advantages, the sol-gel
process has become an attractive methodology for immobilising biomolecules.
The amount of published work in the sol-gel processing of biomaterials indicates
that, indeed, this is an area of considerable potential for sensor development. In
the present work, sol-gel encapsulation was selected as the biomolecule
immobilisation technique. lt was therefore appropriate to devote a detailed review
to sol-gel processing in the second part of this chapter.

1.1.5

Transduction techniques

In a biosensor, the transducer converts the biological recognition event into an
electrical output signal. The choice of transducer depends on the type of
biochemical modification; it should make optimal use of the product of the
bioreceptor and give a signal that is sensitive, easily monitored and has minimal
background noise.

The combination of any bioreceptor with any transducer (see Table 1.1, which
provides an indicative compilation of the various biosensors in terms of the
transduction method) leads to a large number of biosensors. In reality, the two
components have to be compatible to give rise to an electrical signal. The
transduction method chosen must be simple and of reasonable size, so that it is
cheap and easy to use. This is the reason why potentiometric and amperometric
electrodes have been so extensively adopted. After electrochemical devices8 ,
optical sensors are the next most commonly used transducers.
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Table 1.1 Biosensor transduction systems.
Surface conductivity

Electrical

Conductivity
Capacitance
Electrochemical

Potentiometry
Amperometry
Voltametry
Ion-selective electrode/Ion-selective field-effect transistor (ISFET)

Magnetic

Paramagnetism

Optical

Fluorescence
Luminescence
Reflection
Absorption
Surface plasmon resonance
Scattering
Evanescent waves

Piezoelectric

Quartz crystal microbalance
Surface acoustic wave
Shear horizontal/Acoustic plate mode
Lamb wave
Love wave

Thermal

Calorimetry
Enzyme thermistor (heat of reaction or absorption)

1.1.6

Biosensor applications

Table 1.2 shows the major areas of applications for biosensors. In this list,
intended to be indicative rather than comprehensive, the distinction between
environmental, process monitoring and industrial applications or between
agricultural and environmental applications is quite blurred.

11

Sol-gel biosensors

Chapter 1

Table 1.2 Major areas of application of biosensors.
Area of application

Reference

Medical/Clinical

9, 10, 11, 12, 13, 14, 15, 16, 17, 18

Industrial/Robotics
Veterinary/Agricultural/Food

16,19,20

Environment

3, 16,20,21,22

Process monitoring/Control

4,16,23

Defence

6

Medical and clinical applications are invariably foreseen as the most lucrative and
important avenues for biosensors and, accordingly, most research

and

development has been devoted to this area. The trend towards home health care
and self-monitoring, of which there is no better example than daily glucose testing
by diabetics, contributes to these market expectations. lmplantable or in vivo
devices and the real-time telemetering of body functions represent another active
area in medical biosensing research, but there is much to be done in overcoming
the associated biocompatibility problems.

Four areas of significance can be identified in the food-industry, these include:
detection of contaminants, verification of product content, monitoring raw
materials and product freshness. Of these, contaminant detection has generated
greatest public awareness, unfortunately through outbreaks of poisoning from
salmonella, listeria or Escherichia coli and with the persistence of pesticides or
growth hormones from early in the production chain to consumption. Customer
demand for product freshness, especially with fish, meat and fruit, is also
stimulating research into "bionic noses", biosensors which can respond to subtle
changes in the odours produced by foods in ripening or ageing.

Environmental concern and legislation are now demanding better effluent control
from all industries. Some of the serious environmental factors are listed below:
•

pesticide run-off,
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heavy metals and volatile organic compounds affecting ground-water purity
and the health of rivers and lakes, in terms of biological oxygen demand and
algal blooms,

•

testing of water systems for Jegionella.

it may be surprising, in the first instance, to see defence applications featuring so
significantly in biosensor research. The concern here, of course, is in early
detection of germ or chemical warfare. Airport security, the detection of illicit
drugs and explosives is also a major area of research.

1.2

SOL-GEL PROCESSING
1.2.1

Introduction

The sol-gel process, which is mainly based on inorganic polymerisation reactions,
is a chemical synthesis method initially used for the preparation of inorganic
materials such as glasses and ceramics. Synthesising inorganic materials by the
sol-gel process began as early as the mid-1800s with Ebelman discovering that a
glass-like substance, Si02, was formed when tetraethylorthosilicate (TEOS) was
hydrolysed under acidic conditions. However, extremely long drying times of one
year or more were necessary to avoid the silica gels fracturing into a fine powder,
and consequently there was little technological interest. The late 1970s and early
1980s witnessed a dramatic change. The recognition that better ceramic
materials can be obtained through the detailed tailoring of the chemical aspects
of the polymerisation led to a worldwide burst of activity in the sol-gel science.

The sol-gel process provides many advantages over conventional ceramic
preparation methods. The synthesis is done at low temperatures, which not only
simplifies the procedure but also allows thermally labile compounds to be
entrapped in the sol-gel matrix. Furthermore, the final products are pure and
homogeneous, and they can be shaped into a variety of forms.

The merits of sol-gel processes are now widely recognised. Inorganic materials
prepared by a sol-gel process have been implemented into a variety of
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technologies, including nonlinear optical devices, luminescent solar concentrators
and chemical sensors_ For example, sensor development has relied on
immobilising a sensing molecule, such as an enzyme or a complexing agent,
within a sol-gel matrix to provide an inert support for detection purposes.

This review will describe the chemistry involved in sol-gel processes, the
experimental conditions that can influence the chemistry, and the advantages as
well as the inconveniences of the technology. Finally, applications to analytical
chemistry and biosensors, in particular, will be briefly summarised.

1.2.2

Sol-gel process steps

Before reviewing the different steps of the sol-gel process that can yield
monoliths under ambient pressures, it is necessary to introduce some terms:
•

A colloid is a suspension in which the dispersed phase is so small (1 1 000 nm) that gravitational forces are negligible and interactions are
dominated by short-range forces (van der Waals and surface charges).

•

A sol is a colloidal suspension of solid particles in a liquid. When particles in a
sol aggregate and become heavy, they precipitate. But if they form a
continuous (usually three-dimensional) network, the sollooses its mobility and
becomes able to maintain its shape without the mould; this means that the sol
has formed gel.

•

A gel is a solid, usually soft and with low elastic modulus; it may not differ
from the parent sol in its composition and solid/liquid ratio or it may expel part
of the liquid and appear to be immersed in this liquid 24 •31 •

As Si0 2 has been widely studied, the emphasis here is on silica sol-gel
processing. Two major approaches are used to make a silica gel: method 1,
network growth from an array of discrete colloidal particles; method 2, formation
of an interconnected 3-D network by the simultaneous hydrolysis and
polycondensation of an organometallic precursor. Unfortunately, the composition
of glasses made by the first method is limited to either pure or very nearly pure
silica because of the low reactivity of the dispersed silica particles with other
chemicals. Gels formed from metal alkoxides, on the other hand, are applicable
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to the formation of both pure silica and multicomponent silicate glasses because
of the chemical reactions which occur when the sol is made. Thus, the second
method has a broad area of application and is the one covered in the present
report. The processing steps involved in making sol-gel-derived silica monoliths
are detailed below.

1.2.2.1

Hydrolysis and condensation

A liquid alkoxide precursor, such as Si(OR)4, where R is usually CH 3 , C2 H5 , or
C3H7, is hydrolysed by mixing with water (see equation 1). The alkoxide precursor
used in the following example is tetramethyl orthosilicate (TMOS).

9Me

+

MeO-li-OMe

9H
HO-li-OH

4 (H 2 0)

+

4 (CH 3 0H)

(1)

OH

OMe

The hydrated silica tetrahedra interact in a condensation reaction (see equation
2), forming siloxane bonds (=Si-0-Si=).

9H
HO-Si-OH

+

9H
9H
HO-Si--Q-Si-OH

I

I

OH

OH

I

+

H2 0

(2)

OH

Linkage of additional silanol groups (=Si-OH) occurs as a polycondensation
reaction (see equation 3) and eventually results in a Si0 2 network. The water and
alcohol expelled from the reaction remains in the pores of the network.

9H

HO-r-OH

0

0

9H
9H
HO-li--Q-li-OH
OH

OH

+
6 Si(OH)4

.

9H

HO-r-OH

9H

I

I

9H

H0-!1:-o-r--o--r{)-!':OH

~

HO-Si-OH

I

OH

(3)

~

HO-Si-OH

I

OH
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The hydrolysis and polycondensation reactions25 initiate at numerous sites within
the TMOS + H20 solution as mixing occurs. When sufficient interconnected
siloxane bonds are formed in a region, they respond cooperatively as colloidal
particles or a sol. The size of the sol particles and the cross-linking within the
particles (i.e. density) depend upon the pH and [H 20]/[Si(OR)4] ratio among other
variables 26 discussed in a later section.

1.2.2.2

Casting

Since the sol is a low-viscosity liquid, it can be cast into a mould. The mould must
be selected to avoid adhesion of the gel 26 .

1.2.2.3

Gelation

With time the colloidal particles and condensed silica species link together to
become a three-dimensional network27 . The simplest picture of gelation is that
clusters grow by condensation of polymers or aggregation of particles until the
clusters collide; then links form between the clusters to produce a single giant
cluster that is called a gel. The physical characteristics of the gel network depend
greatly upon the size of particles and extent of cross-linking prior to gelation. At
gelation the viscosity increases sharply and a solid object forms in the shape of
the mould 26 •28 •

1.2.2.4 Ageing
Ageing is the process of change in structure and properties after gelation, and
occurs if the gel is allowed to set for a period of time (hours to days) completely
immersed in the reaction mixture liquid. Bond formation does not stop at the gel
point. Segments of the gel network can still move close enough together to allow
further condensation (or other bond-forming processes). Moreover, there is still a
sol within the gel network and those smaller polymers or particles continue to
attach themselves to the network. Some gels exhibit spontaneous shrinkage,
called syneresis, as bond formation or attraction between particles induces
contraction of the network and expulsion of liquid from the pores. Therefore,
during ageing, polycondensation continues along with localised solution and
reprecipitation of the gel network, which increases the thickness of interparticle
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necks and decreases the porosity. The end result of the ageing process is an
increase in strength of the gel. lt follows that the longer the gel is aged, the
stronger the network becomes 29 •

1.2.2.5

Drying

During drying the liquid is removed from the interconnected pore network. Drying
by evaporation under normal conditions gives rise to capillary pressure30 that
causes shrinkage of the gel network. The resulting dried gel, called a xerogel, is
often reduced in volume by a factor of 5 to 10 compared to the original wet gel.
Large capillary stresses can develop during drying when the pores are small
(< 20 nm). These stresses will cause the gels to crack unless the drying process
is controlled by decreasing the liquid surface energy by:
•

addition of surfactants or elimination of very small pores,

•

hypercritical evaporation,

•

obtaining monodispersed pore sizes by controlling the rates of hydrolysis and
condensation 31 •

In the process of supercritical (or hypercritical) drying, a wet gel is placed into an
autoclave and dried under supercritical conditions. There is no interface between
liquid and vapour, so there is no capillary pressure and relatively little shrinkage.
The resulting gel is called an aerogel.

The transparency of dried gels combined with their large surface areas (500 900 m2/g for xerogels and <! 1000 m2/g for aerogels) and small pore sizes
(nanometer to Angstrom scale) make them unique solids, and therefore attractive
materials for analytical studies.

1.2.2.6

Sintering

Sintering is a densification process that is driven by surface energy to eliminate
the pores within the gel. In gels, the solid-vapour interfacial area is large,
therefore, sintering can be done at relatively low temperatures (e.g., below
1000°C). The densification temperature depends upon the radii of the pores, the
degree of connectivity of the pores and the surface area of the gel. Upon
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completion of sintering, the gel has been melted and is now equivalent to a
ceramic prepared by conventional means. For use in analytical chemistry,
sintering is not commonly done 29 •

1.2.3

Biomolecular encapsulation

Bridging the chemistry of inorganic materials with biochemistry carries the unique
appeal of creating a link between the inanimate and animate worlds. The sol-gel
process, one of the fastest growing fields in material chemistry, has opened a
new route of linking ceramics, glasses and other inorganic materials on one
hand, with bioactive molecules on the other hand, forming a novel widescope
family of biochemically reactive materials.

Although the utility of sol-gel matrices as hosts for organic and organometallic
dopants has been known for quite some time, it was not until 1990 that Braun
and eo-workers reported the first attempts at protein encapsulation inside silica
gels. The resulting sol-gels showed 30 % retention of bioactivity32 • However, solgel procedure conditions were apparently detrimental to protein stability and
resulted in opaque glass powders containing partially denatured and aggregated
protein.

Conventional sol-gel procedures generally involve extremes of pH and high
concentrations of alcohol, both of which are usually detrimental to the stability of
biomolecules32 •33 •34 . The methoxy precursor, tetramethyl orthosilicate, is often
used to encapsulate biomolecules because its methanol by-product has a polarity
closer to water than the less polar higher homologues and generally causes less
denaturation. However, the large quantities of alcohol, which are frequently used
as solvent, invariably prove harmful to protein stability.

To overcome these obstacles, a refinement of the synthetic procedure for
biomolecular encapsulation was imperative. One of the initial successes was the
preparation of silica sols without the addition of alcohol at the start of the reaction.
Although alkoxysilanes and water are immiscible, the alcohol by-product
(especially when sonication is used) released during polycondensation can
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provide sufficient homogenisation. Another improvement involved the use of a
buffer after the acid-catalysed hydrolysis of TMOS was completed and before the
protein was added to the reaction medium. The buffer raises the pH to
biologically compatible levels and thus prevents acid denaturation or aggregation
of the proteins. This modified sol-gel method makes it possible to synthesise
inorganic glasses at lower temperatures and yields optically transparent solids
that are chemically, thermally, and dimensionally stable .

• ••
•

buffer

(a)

••••
•••
•
••
•
••
•• • ~

(e)

(b)

(d)

Figure 1.2 Protein encapsulation during sol-gel polymerisation.
(a) Formation of sol particles during initial hydrolysis and polycondensation;
(b) Addition of buffer to the sol;
(c) Addition of protein to the buffered sol;
(d) Growth of the silicate network around the protein molecules;
(e) Immobilisation of the protein molecules in the gel.
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Figure 1.2 illustrates the protein entrapment in a silicate matrix during sol-gel
polymerisation. The protein to be encapsulated is added to the sol after partial
hydrolysis of the precursor. As the degree of cross-linking from polycondensation
increases, the gel becomes viscous and solidifies. The process continues during
ageing, and a porous matrix is formed around the protein molecules, trapping
them inside.

The addition of the dopant protein prior to the gelation process physically traps
the biomolecules in the cross-linked

silicate network and

ensures the

homogeneous distribution of the protein. Thus, the sol-gel encapsulation
approach produces a bulk material in which the biomolecules are confined even
though they have not reacted with or otherwise attached themselves to the
matrix.

1.2.4

Sol-gel parameters

lt is during the sol-to-gel transition that the basic structure of the sol-gels is
established. Factors, influencing the rates of hydrolysis and condensation
reactions as well as gelation, are thus specific parameters which dictate the final
gel properties (i.e. average pore size and distribution, surface area, etc.). The
most important process parameters 29 •35 •36 •37 •38 are:
•

temperature,

•

pH,

•

type of catalyst,

•

solvent nature,

•

type of alkoxide precursor, and

•

water-to-silane ratio.
1.2.4.1

Reaction temperature

The temperature at which the hydrolysis and condensation reactions take place
can have a profound influence on gel properties. For example, Yamane39 has
reported that increasing the reaction temperature causes both gelation time and
drying shrinkage to decrease. As a result, xerogels synthesised at higher
temperatures have lower density.
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1.2.4.2 Catalyst type and pH
Inorganic. catalysts, such as HCI, H2S04 and HN03, usually produce gels with
very narrow pores (< 20- 40 A) 40 and relatively high strength. The use of organic
acids decreases the gel strength, without affecting the pore size. The addition of
HF (hydrofluoric acid} or NH 40H as a second catalyst to a sol initially catalysed
by HCI, H2S04 or HN03 can increase the rate of condensation reactions and
reduce the gelation time. These gels have higher strength and larger pores (40150 A) than gels prepared with a single acid catalyst.

Higher pH accelerates the hydrolysis and condensation steps, increasing
dissolution of silica particles, and thus provides a continuous source of low
molecular weight silicon species that promote particle ripening. Under basic
conditions, condensation preferentially occurs between the more highly branched
oligomers to form more particulate gels. Upon drying, this tends to produce
materials with highly cross-linked structures and high interstitial porosity.

Under acid catalysis, the dissolution of silica particles becomes negligible and
condensation occurs preferentially between silanol groups located on monomers
or the ends of polymers. This leads to the formation of predominantly entangled
linear chains with very little branching. Upon drying, this results in lower pore
volume sol-gel matrices.

1.2.4.3 Water and solvent concentration
The molar ratio of H20:Si(OR)4 in the sol should be at least 2:1 (i.e. stoichiometric
ratio) to approach complete hydrolysis of the alkoxide. Extremely long gelation
times have been reported when this ratio is less than 2:1. By increasing the water
concentration, chemical reactions are accelerated and gelation times decrease.
Strengthening and stiffening of the gel is also observed, which in turn reduces
drying shrinkage. As a result, the xerogel pore size increases. A similar effect can
be obtained if the gels are aged in aqueous solution.

Although alcohol is usually used to produce a homogeneous sol, sols can be
prepared by directly reacting water with the alkoxides. In this case, high acid
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concentrations accelerate reactions at the alkoxide/water interface and the
reactants eventually intermix due to the alcohol by-product. lt has also been
shown that ultrasonic treatment of alkoxide/water mixtures can promote
hydrolysis and condensation reactions in the absence of a solvent. As a result of
this procedure, gelation rate increases. The so-called sonogels are denser,
stronger and have larger surface area to volume ratios than conventional gels.
Pore sizes from 20 to 50

Awere produced using this technique.

1.2.4-4 Alkoxide precursors
The nature of the alkoxy group on the metal precursor influences the hydrolysis
and condensation reaction rates by decreasing the rate constant when increasing
the alkoxy group size. This is due to steric or leaving-group stability effects. The
larger the size of the alkoxide groups and the greater the extent of branching, the
slower the hydrolysis rate. For example, TMOS tends to be more reactive than
TEOS.
Mixed-metal alkoxide systems are also of great interest because of the potential
properties and applications they provide. In the case of different metal alkoxide
combinations, the structure and morphology of the resulting network depend on
the relative chemical reactivity of metal alkoxides. Non-silicate metal alkoxides,
including elements such as Zr, AI, Ti and B all have much higher reactivity than
silicon. They are so sensitive to moisture, even in the absence of a catalyst, that
precipitation of the oxide will generally occur as soon as water is present. This
can cause phase separation if any of these metal alkoxides is to be combined
with a silicon one. There are several ways to control the coreactivity of two or
more metal alkoxides to avoid unnecessary phase separation. These include
chemical additives, such as glycols, organic acids (acetic acid) and

~-dicarbonyl

ligands (ethylacetoacetate), chemically controlled condensation, and partial
hydrolysis and condensation of the silicon alkoxide before addition of the fastreacting coprecursor.
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1.2.4.5 Ageing
The time between the formation of a gel and its drying, known as ageing, is also
an important parameter. As described in section 1.2.2, a gel is not static during
ageing, but can continue to undergo hydrolysis and condensation. Furthermore,
syneresis, which is the expulsion of solvent due to gel shrinkage, and coarsening,
which is the dissolution and reprecipitation of particles, can occur. Factors that
affect the gel structure during ageing are time, temperature and pH.

Increasing the temperature during ageing influences the gel structure in two
distinct stages. The initial stages of wet ageing result in dried gels that shrink less
when they are aged longer, but there is an increase in their pore volume and
diameter. However, little change in the overall surface area is seen.

The time dependence of ageing correlates to an increase in linkages, which
strengthens the gel and results in less shrinkage during drying. The second stage
leads to a decrease in surface areas, but the pore size continues to increase until
eventually an insignificant change in the pore volume is reached.

Washing the gel to remove the liquid from the pores is also a type of ageing. The
pH of the wash solution can influence the final properties of the gel. For example,
Girgis41 reported a decrease in surface area from 650 to 467 m2/g while
increasing the pore diameter, when a silica gel was soaked at pH 10 - 11 for one
day.

The physical properties of the gel change during ageing because they are
viscoelastic materials, that is, they react to a stress in the system by taking on
instantaneous strain and a continuous viscous deformation. The rigidity and,
therefore the gel strength, increases during ageing. Furthermore, there is an
increase in the elastic modulus and the viscosity. Overall, the ageing process
results in an irreversible decrease in surface area in conjunction with an increase
in pore size.
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In summary, recent studies show that the formation of solids by sol-gel chemistry
is more complicated than suggested by early reports. The attraction of sol-gel
technology

resides

in

the

ability

to

manipulate

the

physicochemical

characteristics of its ceramic products. A large number of process variables can
be used to control average pore size and the distribution of pore sizes, specific
surface area, mass fractal dimension and other structural properties of xerogels.
However, the quantitative relationship between the gel properties and the
preparation variables is by no means straightforward. Delicate manipulation of
one variable is simple, whereas tuning a set of specifications is more demanding
and often requires a tedious trial-and-error process.

1.2.5

Sol-gel advantages

Sol-gel matrices, in general:
•

have controllable surface area, average pore size and pore size distribution 42 ;

•

are stable thermally, chemically and photochemically;

•

are transparent well into the UV (-250 nm for Si0 2)

43 44
· ,

allowing a whole

array of photochemical, photophysical and optical applications;
•

are open to a wide range of chemical modifications42 ·45 ·46 , through the choice
of the metals or metal alkoxides, and through the use of non-polymerisable
substituents and copolymerisations (Ormosils);

•

can be shaped in a variety of forms 44 •46 ·47 : monoliths, thin films, fibres, beads,
powders, etc.;

•

can be miniaturised to microns size44 ; and

•

can be attached to most other materials (plastics, metals, etc.).

Doped sol-gel matrices, in particular:
•

protect the encapsulated molecules from external conditions (as well as from
enzymatic auto-digestion) and enhance their stabilitl4 , by virtue of the rigidity
of the cage;

•

provide an environment that is still essentially aqueous (due to sufficient
amount of trapped interstitial water), thereby contributing to the retention of
structure and reactivity of the immobilised biomolecules48 ;

•

prevent leaching of proteins due to effective caging 42 ;
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offer high sensitivities of interactions, which are achieved through the dual
action of the doped porous glass42 : being actually a high-surface area
adsorbent, it concentrates by adsorption the analyte, which is then selectively
detected by the dopant;

•

have potential advantages over physical adsorption or covalent binding
immobilisation techniques since sol-gel entrapment is:
•

independent of the functionalities on the bioreceptor;

•

non-invasive and preserves the integrity and directional homqgeneity
of the dopant surface microstructure;

•

independent of the size of the entrapped molecules because the
matrix forms around them.

1.2.6

Sol-gel disadvantages

•

Brittleness of the glasses;

•

Slow rate of chemical interactions, especially in macroscopic monoliths, due
to the narrow-pore network;

•

Problem of leachability for some small encapsulated molecules.

1.2. 7

Applications

1.2.7.1

Chemical sensors

Suitable analytical reagents trapped in porous sol-gel glasses may be used for
the preparation of a variety of chemical sensing materials (see Table 1.3).
For instance, McDonagh and co-workers 51 developed optical sensors for both
gas-phase and dissolved oxygen (DO). Both sensors operated on the principle of
fluorescence quenching of a ruthenium complex, which had been entrapped in a
porous sol-gel silica film. The TEOS-based gas-phase sensor exhibited excellent
reproducibility, high signal-to-noise ratio and a short response time of less than 1
second. The sensor response could be easily tuned by simple adjustment of
molar ratios in the sol-gel starting mixture. DO sensor performance was
enhanced significantly by the use of organically modified precursors such as
methyltriethoxysilane (MTEOS) and ethyltriethoxysilane (ETEOS). These DO
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sensors exhibited quenching sensitivities very close to those achieved for gasphase sensing, and response times of the order of 10 seconds (taking into
account the significant contribution of the cell filling time). Limits of detection
(LOO) were as low as 5 and 15 ppb for ETEOS and MTEOS films respectively,
and no measurable interference from ionic species (AI 3•, Cu 2•, Zn 2•, Mg 2•, each
at a concentration of 20 ppm, and

er

at a concentration up to 5 ppm) was

observed. This study clearly shows that oxygen sensors based on sol-gel
technology have the performance capability to compete with conventional
oxygen-sensing devices, such as the Clark electrode49 •

Table 1.3 Examples of sol-gel chemical sensors.
Analytes

Trapped reagents

Detection method

Ref.

Oxygen

Ruthenium dye complex

Optical

50,51,52

Oxygen

Ruthenium(II) polypyridyl
dye complex

Fluorescence

53

Oxygen

Porphyrin dye

Optical

54

Oxygen

Pyre ne

Fluorescence

55,56

pH

Fluorescein

Optical

57,58,59

pH

Fluorescein isothiocyanate

Fluorescence

60

pH

Bromocresol purple

Absorption

61

pH

Pyranine

Fluorescence

56

pH

Methyl red

Fluorescence

56

pH

Fluorescein-labeled dextrans

Fluorescence

62

Na• ions

Bis( crown ether) derivative

ISFET

63,64

Cl' ions

Tridodecylmethylammonium
chloride

Potentiometry

65,66

K• ions

Valinomycin

ISFET

64

Ca 2• ions

Calcium green 1

Fluorescence

67

Anions

Quaternary alkylammonium
chlorides

ISFET

68

Ammonia

Rhodamines

Fluorescence

69

Borneol

Dansyl-tethered
cyclodextrans

Fluorescence

70

Gaseous iodine

Phenyl groups

Optical

71

~
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1.2.7.2

Biosensors

The use of the sol-gel process in the design of biosensors clearly is the most
common analy1ical application of this chemistry. The attractive feature of this
approach is the potential to immobilise enzymes or other proteins without
compromising their native selectivity and activity, and in a manner that prevents
them from leaching into solution while retaining pathways of substrates or
analy1es to the reactive sites. Moreover, the reaction products in the sol-gel
matrices can be interrogated by both electrochemical and spectroscopic
methods, which are the most common measurement strategies employed in
biosensors.
Bly1h et a/. 134 encapsulated metalloproteins in silica sol-gels for the optical
biosensing of nitrogen monoxide (NO) and carbon monoxide (CO). The basic
chemistry of redox of metalloproteins in sol-gel matrices was investigated, a key
point of which was the demonstration of reversible reduction of Fe(III) centres in
hemoglobin, myoglobin and cytochrome c by dithionite. In 1.5-mm sol-gel films,
the reduction was complete within 15 minutes with all three proteins. With NO as
a reactant, binding was observed with immobilised cytochrome

c when iron was

in the oxidised form only, whereas it bound to both the oxidised and reduced
states of the other two proteins. With CO as the reactant, reaction was observed
only with Fe11 in hemoglobin and myoglobin; reaction with cy1ochrome

c required

denaturing the protein. The reversible binding and colour changes occurring upon
binding of NO and CO to sol-gel immobilised metalloproteins was exploited for
the development of optical biosensors at micromolar concentration levels.

Many other proteins have been encapsulated in sol-gel matrices (see Table 1.4)
and showed their potential utility in the design of sol-gel based biosensors, but
the emphasis has mainly been on the immobilisation of enzymes. An intensively
studied entrapped enzyme has been glucose oxidase (GOx), which catalyses the
oxidation of D-glucose -a reaction of appreciable diagnostic value.
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Table 1.4 Examples of sol-gel biosensors.
Analytes

Bioreceptors

Detection method

Ref.

Fe 2•

Ferritin

Optical and magnetic

72

Redox and pHdependent

Equine ferricytochrome c

Optical

73

NO and CO

Metalloproteins

Optical

74,134

Dissolved 02

Myoglobin

Absorption

136

Dissolved 02

Liposomes

Fluorescence

75

Heavy metal ions

Liposomes

Fluorescence

76

Calcium

Photoprotein

Optical

135

Acrylamide,
guanidine HCI and
iodide

Monellin

Fluorescence

133

H202

HRP

Electrochemical

77, 78, 79

H202

HRP

Absorption

80

Phenolics

HRP

Electrochemical

81

Glucose

GOx

Electrochemical

78, 82, 83,
84, 85, 86,
87,88,89

Urea

Urease

Absorption

90

Acetylcholine

Acetylcholine esterase

Electrochemical

91

Pesticide

Alkaline phosphatase
(AP)

Chemiluminescence

92

N03 and N0 2 ions

Whole cell extract

Optical

93

No3-

Nitrate reductase

Absorption

139

Oxalate ions

Oxalate oxidase and
HRP

Absorption

140

Phenolic
compounds

Laccase

Optical

138

Glucose-phosphate

Glucose-phosphate
dehydrogenase

Optical

141

Alcohols and
aldehydes

Alcohol dehydrogenase

Fluorescence

94
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Wang and co-workers 84 developed a new type of sol-gel organic-inorganic hybrid
material, based on silica sol and a grafting copolymer of poly(vinyl alcohol) with
4-vinylpyridine as a matrix for the GOx immobilisation. On one hand, this material
overcame the respective shortcomings of silica sol and the hydrogel, i.e. it
prevented the cracking of conventional sol-gel derived glasses and eliminated the
swelling of the hydrogel. On the other hand, it preserved the merits of these two
kinds of enzyme carriers. Therefore, the resulting biosensor exhibited high
sensitivity (600 nA.mmor 1.L- 1), fast response (11 s) and remarkable long-term
stability in storage (at least 5 months).

Another novel approach to employing the sol-gel process in biosensing was
described by Wang and co-workers78 _ They encapsulated GOx by sol-gel
chemistry in a screen-printable carbon ink. Such coupling of sol-gel and screenprinting technologies offered a one-step mass production of enzyme-containing
strips and addressed deactivation problems encountered during the thermal
curing of thick-film sensors. The biogel-based carbon ink was prepared by
dispersing GOx, along with the graphite powder and a binder, within the sol-gel
precursors, followed by a very rapid curing (10 minutes) at low temperature (4°C).
The performance of the resulting biosensor compared favourably to that of strips
fabricated with conventional carbon inks: response time of about 10 seconds,
stability over a 90-day period, linear operating range between 2 and 20 mM
glucose, and sensitivity on the order of 300 nA/mM for a 1.5 % GOx content.

Although sol-gel biosensing research seems to direct its efforts mainly towards
glucose monitoring, other important analytes like peroxides have been the
subject of many reports on biosensors development. For example, Li's group 79
immobilised horseradish peroxidase (HRP) in a silica sol-gel matrix on a carbon
paste electrode (CPE) for the determination of hydrogen peroxide (H 20 2), a
common product in various biochemical pathways. H202 was detected in the
presence of hexocyanoferrate (II) as a mediator to transfer electrons between the
electrode surface and HRP. Linear calibration for H20 2 was obtained in the range
of 2x10- 5 to 2.6x10-3 M under optimised conditions. The enzyme electrode
retained about 60 % of its activity after 35 days of storage in phosphate buffer at

29

Chapter 1

Sol-gel biosensors

4°C. The HRP electrode was also used as an on-line electrochemical detector in
flow-injection analysis. The sensitivity of the modified enzyme electrode was
found to be 30 times greater compared to the unmodified CPE. lt was also
observed that the sol-gel electrode did not swell in the flowing solutions after
continuous operation, which implied high electrode stability whereas the bare
CPE swelled after brief operation.

In addition to sensors based on biocatalytic reactions, antibody- or antigen-doped
sol-gel glasses have also been developed and show promise for use in affinity
immunoassays. Recently, Wang

et

a/. 96 used sol-gel processing for the

preparation of electrochemical immunosensors. The process was coupled with
the screen-printing technology to allow one-step mass production of low-cost
antigen-containing strips. The enzyme-labelled antibody could readily diffuse
towards the encapsulated antigen, which retained its binding properties, and the
association reaction was easily detected at the dispersed graphite surface. The
performance

characteristics

of

these

sol-gel

immunosensors

compared

favourably with those of other electrochemical immunosensors and ELl SA assays
(using similar immunochemicals): measurement range between 50 ng/mL and
5 J.lg/mL with LOO of 5 ng/mL. The fabrication protocol resulted in good strip-tostrip reproducibility (relative standard deviation of 7.0 %) and the strips remained
stable for a month, when stored dry at 4°C. Due to their high sensitivity, low cost,
durability and simplicity, these new single-use immunosensors were well suited
for various on-site applications. Other sol-gel-based immunosensors have been
successfully fabricated and are exemplified in Table 1.5.

Table 1.5 Examples of sol-gel immunosensors.
Analytes

lmmunoreceptors

Detection method

Ref.

Fluorescein or
fluorescein
derivatives

Antifluorescein Antibody

Fluorescence

95,142

AP-Iabelled anti-lgG

Immunoglobulin G (lgG)

Electrochemical

96

Peroxidase-labelled
antibody

Echinoccosis antigen

Optical

97
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1.2.7.3

Chromatographic supports

The ability to synthesise highly porous solids with controlled pore sizes by the
sol-gel chemistry suggests that this technology is suited to the development of
stationary

phases

for

gas98 ,

liquid 99•100•101

and

immunoaffinity56 ·102

chromatography.
Fields 101 demonstrated that continuous silica xerogels formed from potassium
silicate solutions could be used as highly permeable support media in HighPerformance Liquid Chromatography (HPLC). The mean pore diameter was
2 f.lm, with a distribution ranging from 0.2 to 3 J.!m. The column efficiency was
5000 plates/m for ethyl benzoate (capacity factor k = 0.8) and 13000 for
naphthalene (k

=2.0)

at 0.5 J.!Umin. The xerogel packing material was highly

permeable, with a linear dependence of pressure to flow rate and a back
pressure of only 632 psi at 10 J.!Umin when a 95/5 (v/v %) acetonitrile/water
mobile phase was used. These values compared favourably to those reported for
continuous polymeric columns. Nevertheless, the heterogeneous morphology of
the xerogel clearly impeded the improvement of such chromatographic
performances.
Wang and co-workers98 described a novel approach to column technology for
high-resolution capillary gas chromatography (GC) that effectively combined
surface treatment, deactivation, coating and stationary phase immobilisation into
a single step. In the conventional column technology, these operations are
carried out as individual, time-consuming steps. In the new approach, a capillary
was filled with a sol solution of appropriate composition and sol-gel reactions
were allowed to go on inside the capillary for a controlled period of 15 - 60
minutes, thus reducing the column preparation time at least by a factor of 10. A
pressurised inert gas was then used to expel the solution from the capillary, and
the surface-bonded coating was finally dried by purging it with an inert gas flow.
Because of the direct chemical bonding to capillary walls, sol-gel coatings
possessed significantly higher thermal stability than conventional coatings. Solgel columns also exhibited enhanced surface area and faster mass transfer
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kinetics, and provided efficient separations for polar compounds including free
fatty acids, a mines, alcohols, dials, aldehydes and ketones.

Strong adhesion of coatings to the substrate due to chemical bonding is an
inherent advantage of sol-gel technology, which has been demonstrated in other
microseparation and sample preparation techniques. For example, Chong's
group103 applied sol-gel coating technology for the preparation of solid-phase
microextraction (SPME) fibres. The sol-gel porosity provided higher surface area
and permitted the use of thinner coatings (thickness of -10 !lm compared with
100 !lm for conventional SPME coatings) to achieve acceptable stationary-phase
loadings and sample capacities. The sol-gel coated fibres could be routinely used
at 320°C, whereas conventionally coated SPME fibres began to bleed at 200°C.
Enhanced thermal stability allowed the use of higher injection port temperatures
for efficient desorption of less-volatile analytes, therefore extending the range of
analytes that could be handled by SPME-GC techniques. High-temperature
conditioning of sol-gel coated fibres also led to consistent improvement in peak
area repeatability for SPME-GC analysis.

1.2.7.4 Catalytic materials
The use of oxides such as silica, alumina and titania as supports for dispersed
metal and metal-oxide catalysts has been the focus of catalytic chemistry for
quite some time. Conventional catalyst deposition methods (i.e. evaporation,
mechanical admission, ion exchange or impregnation) involve the dispersion of
catalyst particles on a predetermined surface of a porous solid or of colloid
particles. The sol-gel technology provides a more convenient catalyst with better
controlled dispersion, as it is based on the incorporation of the catalyst particles
in the bulk of porous silica or alumina matrices. The basic approach is to
hydrolyse a mixed solution of the alkoxy compound in the presence of a soluble
salt of the metal or oxide catalyst, leading to an active gel containing the catalyst
particles. Selected examples of sol-gel catalytic materials are summarised in
Table 1.6.
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Table 1.6 Examples of sol-gel catalytic materials.

Analytes

Catalyst type

Detection method

Ref.

Li+, Na+, K+ and NH/ cations

Ce02-Ti02 sol-gel film

Amperometry

104

Methane gas

Ti02 sol-gel membrane

Evanescent waves

57

Quinone

Aluminosilica xerogel

Fluorescence

59

Carbon monoxide

Silica-coated interdigitated
microsensor electrode

Electrochemical

105

Phenol and atrazine

Ti02 sol-gel beads

Optical

106

2-hexyne hydrogenation

Pt!Ti0 2 sol-gel membrane

GC

107

CO, C0 2 and ethane

Li/MgO sol-gel

Optical

108

Alkenes and alcohols
oxidation

Metal oxide (Ti02, Mo03,
W0 3) substituted silicate
xerogels

GC

109

[Re1(1 ,2-bis(dimethylphosphino)ethane)st

Nation/silica sol-gel
composite

Spectroelectroche
mical

110

a-Methylstyrene
demerization, Friedei-Crafts
alkylations, benzene
propylation, nitration and
acylation.

Nation resin/silica sol-gel
composite

GC

111

1.3

SUMMARY OF SOL-GEL BIOSENSORS

The field of biosensors was born out of the collaboration between scientists from
various disciplines, such as physics, chemistry, biology, electronics, computer
science, mathematics, engineering, etc. Since the advent of the first biosensing
device in the early 1960s, the development of biosensors has always been an
active area of research, which is reflected today by the numerous and diverse
applications.

A biosensor comprises two main components: a biological material (called
bioreceptor), which provides molecular-level recognition for the analyte, and a
transducer that converts the molecular-level recognition event into a readable
output signal.
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Proteins and enzymes are frequently chosen as molecular recognition elements,
because they have the potential capability to bind target molecules with high
specificity. In order to utilise the desirable specific properties of biological
recognition molecules for sensing, a large amount of research has focused on
methods of immobilisation, which do not interfere with the activity of the
biomolecule.
Conventional methods of receptor molecule immobilisation are covalent binding
to a surface, physical or chemical adsorption onto a solid surface, entrapment
within a membrane or polymer, and chemical cross-linking to a suitable
supporting matrix. Recently, sol-gel technology has emerged as a new method of
biomolecule immobilisation.

The processing steps involved in making sol-gel monoliths are:
•

Hydrolysis of a metal alkoxide, followed by polycondensation to yield a low
viscosity sol solution;

•

Casting of the sol solution into a mould;

•

Gelation, due to growth and linkage of the sol particles together to form a
continuous 3-dimensional network;

•

Ageing, during which the gel is left immersed in the reaction liquid mixture,
allowing polycondensation to continue; and

•

Drying, which consists of removing the liquid from the interconnected pore
network.

Because of its low-temperature preparation, the sol-gel process can be used to
encapsulate biomolecules, provided that no alcohol is employed for the
homogenisation of the alkoxysilane precursor with water, and that the sol pH is
raised to biologically compatible levels before addition of the biological dopant.

Finally,

sol-gel

technology offers the unique ability to

manipulate the

physicochemical properties of its final products. Several process variables (called
sol-gel parameters) can be used to control the gel porosity. They include
temperature, pH, catalyst and alkoxide precursor type and water-to-silane ratio.
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Because of numerous other advantages (e.g., thermal and photochemical
stability, optical transparency, retention of structure and reactivity of the
encapsulated dopant, etc.) sol-gel materials are attractive candidates for
application to the development of optically based biosensors.
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2.1

Materials and methods

INSTRUMENTS

All steady-state fluorescence measurements were performed with a Perkin El mer
Luminescence Spectrometer (model LS50 B) connected to an Elonex PC-320X
personal computer, in conjunction with an Epson FX-850 recorder.

Ultraviolet-visible (UV-VIS) absorption spectra were recorded on a 8700 series
UV-VIS spectrometer connected to a colour plotter, both from Unicam Ltd.

All weighings were carried out using a Precisa 40SM-200A balance (precision of

± 0.0001 g) manufactured by Precisa Balances Ltd.

pH adjustments of buffer solutions were made using a PW 9420 pH meter from
Philips. Before each measurement, the pH meter was calibrated with appropriate
standard solutions.

Sol solutions were sonicated in an Ultrawave Ltd bath.

The spin coater consisted of a motor with a maximum speed of 6000 rotations
per minute (rpm) obtained from Citenco F.H.P. Motors.

2.2

CHEMICALS

All chemicals were used as received and are listed in Table 2.1, along with their
corresponding suppliers. The water needed in both sol-gel synthesis and buffer
solutions was de-ionised, triply distilled by reverse osmosis and supplied via an
Elga Maxima Ultrapure system. The measured resistance of the water was
fluctuating between 17 and 18 Mn.
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Table 2.1 List of chemicals and corresponding suppliers.
Chemical compound

Supplier

Acetone (HPLC grade)

Fisher Scientific Co.

Ammonium chloride (NH4Cr, SLR grade)

Fisher Scientific Co.

Amplex red

Molecular probes

ANS (97 %)

Aldrich Chemical Co. Ltd

Atrazine antibody (sheep)

IGi.

BSA (minimum 98 %)

Sigma Chemical Co.

Dansyl chloride (DNS-CI, 95 %)

Sigma Chemical Co.

Dichloromethane (DCM, SLR grade)

Fisher Scientific Co.

Dimethyl sulfoxide (DMSO, ACS reagent)

Sigma Chemical Co.

Disodium phosphate basic anhydrous (Na2HPO,)

Sigma Chemical eo.

Ethanol (EtOH, HPLC grade)

Fisher Scientific Co.

Flufenamic acid (FA, 97 %)

Aldrich Chemical Co. Ltd

Fluorescamine

Sigma Chemical Co.

H202 (30 % w/w)

Sigma Chemical Co.

Hemin chloride

Sigma Chemical Co.

Homovanillic acid (HVA, 98 %)

Acres

HRP

Sigma Chemical Co.

Hydrochloric acid (HCI, SLR grade)

Fisher Scientific Co.

Iso-propanol (i-PrOH, HPLC grade)

Fisher Scientific Co.

Methanol (MeOH, HPLC grade)

Fisher Scientific Co.

Nitric acid (HNO,, SLR grade)

. Fisher Scientific Co.

p-hydroxyphenylacetic acid (p-HPA)

Sigma Chemical Co.

p-hydroxyphenylpropionic acid (p-HPPA)

Sigma Chemical Co.

Rhodamine 8 (RhB, 95 %)

Sigma Chemical Co.

Sheep serum

Enviromed Plc

Sodium hydroxide (NaOH)

Sigma Chemical Co.

Sodium phosphate dibasic heptahydrate (NaH2PO,.?H20)

Sigma Chemical Co.

Sulfamethazine (SMT, 99 %)

Sigma Chemical Co.

Sulfamethazine antibody (sheep)

Enviromed Plc

Thyroxine (T,)

Sigma Chemical Co.

Thyroxine antibody (rabbit)

Biogenesis

TMOS (<: 98 %)

Fluka Chemika-BioChemika Co.

Triethylamine (Et,N, SLR grade)

Fisher Scientific Co.

Tris base/HCI

Sigma Chemical Co.
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FLUORESCENCE DETECTION

2.3.1

Introduction

Luminescence is the emission of photons from electronically excited states, and
is divided into two types, depending on the nature of the ground and the excited
states. In a singlet excited state, the electron in the higher-energy orbital has the
opposite spin orientation to the second electron in the lower orbital. These two
electrons are said to be paired. In a triplet state, these electrons are unpaired,
that is, their spins have the same orientation. Return to the ground state from an
excited singlet state does not require an electron to change its spin orientation. A
change in spin orientation is needed for a triplet state to return to the singlet
ground state. Fluorescence is the emission, which results from the return to the
lower orbital of the paired electrons. Such transitions are quantum mechanically
allowed and the high emissive rates lead to fluorescence lifetimes near 1o·8
seconds or 10 nanoseconds. The lifetime is the average period of time a
fluorescent substance (fluorophore) remains in the excited state.

Substances,

which

display

significant

fluorescence,

generally

possess

delocalised electrons formally present in conjugated double bonds. Some typical
fluorophores are shown in Figure 2.1.

+
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Figure 2.1 Structures of typical fluorescent substances.
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Fluorescence spectral data are presented as emission spectra. A fluorescence
emission spectrum is a plot of the fluorescence intensity versus wavelength (in
nanometers) or wave numbers (in cm"1). Emission spectra vary widely and are
dependent upon the chemical structure of the fluorophore as well as the solvent
in which it is dissolved.

2.3.2

Jablonski diagram

The absorption and emission of light is illustrated by the energy-level diagram
suggested by A. Jablonski. The ground, first, second and third electronic states
are depicted by G, S1, S2 and S3 respectively (see Figure 2.2). At each of these
electronic energy levels, the fluorophores can exist in a number of vibrational
energy levels, depicted by 0, 1, 2, etc. In this diagram, the transitions between
the various electronic levels are vertical. This presentation is used to illustrate the
15
instantaneous nature of light absorption. This process occurs in about 10"
seconds, a time too short for significant displacement of nuclei.

Absorption of energy takes place in discrete units called quanta. The quantaenergy relationship may be expressed by the formula E

=h v

or E

= he/A, where

E is the energy, h Planck's constant (6.62x10.27 erg sec), c the velocity of light, v
the frequency and A the wavelength. Following light absorption, several
processes can occur. A fluorophore is usually excited to some higher vibrational
level of either S1, S2 or S3 . With a few rare exceptions, molecules in condensed
phases rapidly relax to the lowest vibrational level of S1. This process is called
internal conversion and generally occurs in 10"12 seconds. Internal conversion
energy may be dissipated as heat to solvent molecules if in solution, or as a
change in molecular structure such as ionisation or molecular dissociation. In any
case, such transitions are radiationless as no photon is emitted in the visible or
UV regions. Since fluorescence lifetimes are typically near 1o· 8 seconds, internal
conversion is generally complete prior to emission. Hence, fluorescence emission
usually results from the thermally equilibrated excited state.

Molecules in the S1 state can also undergo conversion to the first triplet state T1.
Emission from T1 is termed phosphorescence and is shifted to longer
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wavelengths (lower energy) relative to the fluorescence. Conversion of S 1 to T 1 is
called intersystem crossing. Although not indicated explicitly in Figure 2.2, a
variety of other processes can influence the fluorescence emission. These factors
include solvent effects, solvent relaxation, quenching and a variety of excited
state reactions.
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Figure 2.2 Jablonski diagram.

2.3.3

Rayleigh and Raman scattering

When light interacts with matter, the photon may either collide or be absorbed. If
the collisions are elastic (i.e. the impinging and dispersed radiations are of the
same wavelength, and are radiative in a somewhat random manner like a billiard
ball rebounding from an object) it is called Rayleigh scattering. The extent of
scattering by. this process is wavelength dependent and follows ideally the
relationship of 1/A.4

•

If the collisions are nonelastic, due to mixing the

electromagnetic energy with the rotational and vibrational energy of the colliding
molecule, the emerging radiation will be of a different wavelength. In this case, if
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the absorbing moiety were in the ground state (electronic and vibrational)
previous to the interaction, the emerging photon will be of less energy. This
nonelastic collision is less probable in occurrence than the elastic one and is
referred to as Raman scattering.

2.3.4

Characteristics of fluorescence emission

Except for atoms in the vapour phase, one invariably observes a shift
(Stokes' shift) to lower wavelength (i.e. a loss of energy) of the emission relative
to the absorption. One common cause of Stokes' shift is the rapid decay to the
lowest vibrational level of S1. Furthermore, fluorophores generally decay to
excited vibrational levels of G, resulting in further loss of vibrational energy. In
addition to these effects, fluorophores can display further Stokes' shifts due to
solvent effects and excited state reactions. In the gas phase, atoms and
molecules do not always show Stokes' shifts. An unshifted emission is observed
when the gas concentrations are sufficiently small so that the excited molecule
does not collide with any other molecules prior to emission.

The same fluorescence emission spectrum is observed irrespective of the
excitation wavelength. Upon excitation into higher electronic and vibrational
levels, the excess energy is quickly dissipated, leaving the fluorophore in the
lowest vibrational level of S1. This relaxation occurs in about 10.12 seconds, and
is presumably a result of a strong overlap among numerous states of nearly
equal energy. Because of this rapid relaxation, emission spectra are usually
independent of the excitation wavelength.

2.3.5

Quantum yield

If we consider three processes for returning to the ground state (radiationless
internal conversion, intersystem crossing through the triplet state, and emission
of a photon) then the efficiency of emission will be a function of the competing
rates of these processes:
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where q is the efficiency or quantum yield, and kf> k, and k; are the rate constants
for fluorescence emission, radiationless energy loss and intersystem crossing
respectively. The term k1 also relates to the average lifetime of the excited state 10
by the equation k 1 = 1/-r0 • The average lifetime is used since any one molecule
can emit light at many probable times, much less or much greater than 1iJ. The
quantum yield is simply the ratio of the number of quanta absorbed. lt is a
dimensionless quantity:

number of photons emitted
q=
. number of photons absorbed

2.3.6

Fluorescence as a function of concentration

The relationship of concentration and fluorescence may be derived from the
Lambert-Beer light absorption law as follows 112 :

I,/ I 0

= w-eed = fraction of light transmitted

where I, is the intensity transmitted, Io the incident intensity, e the molar
absorption coefficient, c the concentration, and d the optical depth. Then
1- I,/ I 0

I 0 - I,

=1-10-ecd =fraction of light absorbed , and
= I 0 (1-1 o-ecd) = amount of light absorbed .

The fluorescence intensity F is proportional to the quanta of light absorbed.
Hence, where q is the fluorescence efficiency and k is a constant:

F

= qki0 (1-10-ecd).

The term 1-10-eca can be expanded in a power series
2

1 _ 10 -ecd = 2 .3ecd- (2.3ecd) + (2.3ecd)

2!

3!

3

(2.3ecdj<

4!

which reduces to:

1-10-Ecd

= 2.3 eCd

if ecd is very small. Thus, in the limit of low absorber concentration

F = 2.3qkl0 ecd.
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Instrumentation

Fluorescence is a highly sensitive method. The gain or amplification of the
instruments can invariably be increased to obtain observable signals. However,
these signals may not originate with the fluorophore of interest. Instead, one may
observe interference due to background fluorescence from the solvents, light
leaks in the instrumentation, stray light scattered by turbid solutions, Rayleigh
and/or Raman scatter, to name a few.

Moreover, there

is no

ideal

spectrofluorimeter and these instruments do not yield true excitation or emission
spectra. This is because of the nonuniform spectral output of the light sources
and the wavelength-dependent efficiency of the monochromators and of the
photomultiplier tubes. The polarisation and anisotropy of the emitted light can
also affect the measurement of fluorescence intensities. Therefore, to obtain
reliable spectral data one needs to be aware of and control these numerous
factors.
Instrumentation for the measurement of fluorescence (see Figure 2.3) consists
essentially of:
1. a light source to electronically excite the sample,
2. a monochromator to separate the light of desired energy from the source,
3. a sample compartment,
4. a second monochromator to isolate the sample's fluorescence energy from
the excitation energy,
5. a photodetector to translate the fluorescent light into an electrical signal, and
6. a readout system coupled with an amplifier to determine the intensity of
fluorescent light emitted.
In addition, slits are usually present on either side of the monochromator to
collimate the exciting and fluorescent light and to limit the range of wavelengths
(bandpass) of exciting light irradiating the sample and fluorescent light falling on
the photodetector. Generally, the fluorescence emission detector is placed
perpendicular to the exciting beam of light. This configuration allows effective
separation of exciting light from the fluorescence emission falling on the
photodetector, and in this regard it complements the monochromator. There are
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two major types of instruments for fluorimetric measurements: filter fluorimeters
and fluorescence (scanning) spectrophotometers The former uses filters as
monochromators while the latter uses gratings to disperse the exciting light and
fluorescent emission into their component wavelengths.
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Figure 2.3 Schematic diagram of a spectofluorimeter.

2.3.7.1

Light source

The LS50 B spectrofluorimeter was equipped with a high-pressure xenon (Xe)
arc lamp, which is the most versatile light source at present. These lamps provide
a relatively continuous light output from 270 to 700 nm, except for a number of
sharp lines near 450 nm. Xe arc lamps emit light as a result of the recombination
of electrons with ionised Xe atoms. These ions are generated by collisions of Xe
atoms with the electrons, which flow across the arc. Complete separation of the
electrons from the atoms yields the continuous emission. Many Xe lamps are
classified as being ozone-free, and have a useful life of at least 2000 hours.
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Unfortunately, the wavelength-dependent output of these lamps is a major reason
for distortion of the excitation spectra of compounds, which absorb in the UV.
2.3.7.2

Monochromators

For most instruments operating in the UV-VIS and IR (infrared) regions, as for the
LS50 B spectrofluorimeter, dispersion of radiation is produced by a diffraction
grating. This consists of a polished piece of glass into the surface of which a
large number of very closely spaced parallel grooves are cut. The surface is
coated with aluminium to render it highly reflective. The grooves must be cut
extremely accurately with a spacing that is of the same order of magnitude as the
wavelength of the radiation, which is to be dispersed.

For fluorescence measurements, the stray light level of the monochromator is
perhaps the most critical parameter. Stray light is defined as any light, which
passes through the monochromator besides that of the desired wavelength.
Fluorescence intensities are frequently low. Stray light at the longer wavelengths
can be passed by the excitation monochromator and can easily be as intense as
the fluorescence itself. Many biological samples possess significant turbidity. As
a result, the stray incoming light at the emission wavelength can be scattered and
can interfere with measurements of the fluorescence intensity.

In all fluorescence experimentation, it is essential to examine blank samples,
which are otherwise identical to the sample but do not contain the fluorophore.
These control samples allow the presence of Rayleigh and Raman scatter to be
assessed and controlled. In addition, such samples can reveal the presence of
fluorescent impurities.

2.3. 7.3

Photomultiplier tube

The LS50 B spectrofluorimeter is fitted with a photomultiplier tube (PMT} as a
detector. A PMT is best regarded as a source of current, which is proportional to
the light intensity. A PMT consists of a photocathode and a series of dynodes,
which represent the amplification stages (see Figure 2.4). The photocathode is a
thin film of metal, on the inside of the window. Incident photons cause electrons
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(e") to be ejected from this surface. The generation efficiency of photoelectrons is
dependent upon the incident wavelength. The photocathode is held at a high
negative potential, typically -1000 to -2000 V (HV stands for high voltage in
Figure 2.4). The dynodes are also held at negative potentials, but these
potentials decrease towards zero along the dynode chain. These potential
differences cause an ejected photoelectron to be accelerated towards the first
dynode (DY1 ). Upon collision with the first dynode, the photoelectron induces 5 to
20 additional electrons to be ejected, depending on the voltage difference to this
dynode. This process continues down the dynode chain until a current pulse
arrives at the anode. The size of this pulse depends upon the overall voltage
applied to the PMT. Higher voltages result in an increased number of electrons
ejected from each dynode, and hence higher amplification.
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Figure 2.4 Schematic diagram of a photomultiplier tube with its dynode chain.

2.3.7.4

Sample compartment

The apparent fluorescence intensity and spectral distribution can depend on the
optical density of the sample and the precise geometry of sample illumination.
The most common geometry used for fluorescence is right angle observation of
the centre of a centrally illuminated cuvette (see Figure 2.5a), and this was the
geometry adopted for fluorescence measurements of solution samples. Other
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geometric arrangements have been employed and included off-centre and frontface illumination.

~

.

r
I~

L-.

a) solution samples
in fluorescence cell

b) sol-gel monoliths
in fluorescence cell

c) sol-gel monoliths
in home-made holder

d) sol-gel thin films
on surface reader

Figure 2.5 Various geometric arrangements for fluorescence observation.

Off-centre illumination (Figure 2.5b) was performed on the thick sol-gel monoliths
to decrease the path length, as well as the filtering effect due to high optical
densities. As illustrated in Figure 2.6, the irradiated sol-gel monolith was simply
leaning on two adjacent sides of the fluorescence cell. This procedure suffered
from two major drawbacks. Firstly, the monolith was not clamped and, therefore it
was very difficult to prevent it from moving about when positioning the cell in its
holder. Secondly, the position of the cell in the spectrofluorimeter holder was
fixed and could not be adjusted to compensate the slight variation in size and
shape of the different sol-gel monoliths. This temporary arrangement could not
allow precise positioning of sol-gel samples in the fluorimeter, hence good
repeatability of fluorescence measurements was hard to achieve.
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Figure 2.6 Positioning of sol-gels in fluorescence cell.
As it was almost impossible to stabilise thin sol-gel monoliths in the previously
described geometric arrangement, an alternative sol-gel holder had to be
designed. In this case, the home made holder, schematically represented in
Figure 2.7, provided stable clamping of the sol-gel samples as well as adjustment
possibility of the monoliths position relative to the incident beam.
Fluorescence
emission
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I

1
1

Sol-gel
I
I
I

I
I
I

I
I

Light - - - - - - - source

Figure 2.7 Home made sol-gel holder.

Front-face illumination was performed using a Perkin Elmer surface reader
orientated approximately 45° relative to the incident beam (Figure 2.5d}.
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However, the 45° positioning should be discouraged as a large amount of light is
reflected directly into the emission monochromator, increasing the chance of
stray interference with the fluorescence measurements. When front-face
illumination was necessary, the surface reader orientation could be adjusted to
less than 45°. As described by Lakowicz113 , the illuminated surface should
preferably be orientated at about 30° from the incident beam. This procedure has
two advantages. First, less reflected light enters the emission monochromator.
Second, the incident light is distributed over a large surface area, decreasing the
sensitivity of the measurement to the precise placement of the sol-gel thin film
within its holder. One disadvantage of this orientation is a decreased sensitivity
because a larger fraction of the incident light is reflected off the sol-gel surface.

2.4

PREPARATION OF MONOLITHIC SOL-GELS
2.4.1

Sol-gel preparation mixture

Bulk sol-gel monoliths were produced using a two step method, consisting of the
initial preparation of an acid catalysed silica sol followed by the addition of the
buffered dopant solution. The rise of pH initiates gelation, which immobilises the
dopant molecules within the solid silica network.

As described in section 1.2.4, the choice of catalyst has a significant effect on the
final structure of the gel. A base-catalysed system was attempted, simply by
replacing HCI with NaOH, and led to particulate/cloudy suspensions, which on
ageing formed opaque gel-like structures. These observations are in agreement
with those of Badini et a/. 114 , who prepared TEOS-based sol-gel monoliths with
NH 3 as the catalyst. Clarity of sol-gels is important for their use in practical optical
sensors, especially when (as it is often the case) light levels of both the excitation
and the subsequent fluorescence are low at the sensor sensitive layer. The
visible lack of clarity was a good indication of the general unsuitability of these
base-catalysed gels, as excessive absorption and scatter would have occurred
within them. Sol solutions prepared with HCI resulted in perfectly clear gel
monoliths. Consequently, the NaOH-catalysed sol-gel system was not subjected
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to further investigation and HCI remained the sole catalyst employed throughout
the project.
A silica sol was prepared by sonicating (in an ice-bath for 30 minutes) a mixture
of TMOS (7.4 ml), distilled water (1.7 ml) and HCI (0.04 M, 115 fll). The sol was
then mixed with phosphate buffer (0.01 M, pH 6) and the dopant (in 0.01 M
phosphate buffer pH 6) solution in a volumetric ratio of 2:2:1. All additions were
carried out in ice to maintain the mixture at very low temperature and therefore
increase the gelation time. The final sol-gel liquid was then transferred to
polystyrene cuvettes and allowed to gel in air at room temperature before the
cuvettes were sealed with parafilm and stored in the fridge (4°C). The next day,
the gels were immersed with phosphate buffer and left to age at 4°C. After 10
days of ageing, the surrounding liquid was removed to permit drying by slow
evaporation of methanol and water (in the fridge). As the silica monolith dried, the
gel pulled away from the polystyrene container and shrunk in size. 20 days after
its preparation, the gel has shrunk sufficiently so that it can be easily removed
from the mould. The gel was then either used immediately or stored in the fridge
immersed in buffer.
This particular system was chosen for several reasons. First, TMOS is the
alkoxide precursor best suited for use with biological dopants 131 • Second, BSA
was used as model dopant because the serum albumins have already been well
studied and characterised, and BSA has previously been encapsulated in TMOSderived sol-gels 131 •132 •

2.4.2

Sol-gel moulds

At the beginning of the project (see sections 3.1 - 3.2.2), sol-gel monoliths were
moulded in standard (10 x 10 x 40 mm) polystyrene cuvettes, purchased from
Fisher Scientific. One of the key problems associated with the use of thick sol-gel
monoliths (approximate dimensions of 7 x 7 x 28 mm) was the slow response
time. Monoliths, with a reduced diffusion path length, not only could respond
faster to external reagents but also required smaller amounts of dopant

51

Materials and methods

Chapter 2

molecules (significant advantage when the doping compound is, for example, an
expensive enzyme).

Different types of moulds were then investigated. Some were commercially
available, such as the disposable semi-micro cuvettes (1 0 x 5 x 40 mm) from
Fisher Scientific (used in sections 3.2.3, 3.3, 3.4 and 5.2), and others were homemade assemblies. As shown in Figure 2.8, the first home-made moulding system
consisted of three Perspex sheets bolted together (used in section 3.2.4). The
middle sheet, being determinant of the sol-gel dimensions, contained slots which
had been carefully cut by a laser in order to avoid rough surfaces. This system
offered two main advantages:
1. preparation of sol-gel monoliths of various thicknesses, by simply changing
the middle Perspex sheet;
2. reusable moulding system, since, once dismantled, each Perspex sheet can
easily be cleaned.
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Figure 2.8 Perspex sheets assembly for sol-gel moulding.

The second home-made assembly, schematically represented in Figure 2.9,
consisted of a polystyrene semi-micro cuvette partially filled with a Perspex block,
thus leaving a gap of reduced thickness for sol-gel moulding (used in section
5.3). Having only a limited number of Perspex blocks at my disposal, these had to
be cleaned and reused for the preparation of the next sets of sol-gel monoliths.
Each block was cut to fit the polystyrene cuvettes as tightly as possible and
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simply leaned against one cuvette side. In order to ensure that the Perspex block
would hold in place while pouring the sol-gel preparation mixture, the whole
assembly was securely mounted onto a cuvette rack, which was then slightly
tilted backwards. Once the gel had set, the sol-gel mould could be put back to the
horizontal position.

-

Polystyrene cuvette

Figure 2.9 Sol-gel moulding in polystyrene cuvettes with reduced path length.

2.5

PREPARATION OF SOl-GEl THIN FILMS

The sol-gel process has proved to be an excellent method for the preparation of
many types of thin films. Of the many potential coating methods available, only
three have the capability of laying down very thin layers of precise thickness.
These are spin and dip coating 115 , which are the most widely used, and meniscus
coating, which is a comparatively new technique. While the particular coating
method is of prime importance, there are also other factors which must be
considered if good results are to be obtained. These factors and the spin coating
technique are described in the following pages.

2.5.1

Cleanliness

2.5.1.1

Substrata surface

Stringent efforts must be made to avoid contamination at all stages of the
process and great care should be taken to ensure the cleanliness of the three
major components, substrate surface, coating liquid and coating environment. A
good coating will only be obtained if the substrate is wet uniformly and completely
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by the coating liquid. Anything on the surface that will interrupt this liquid film,
independent of all other factors, will give a coating flaw. There is a number of
cleaning operations that can be carried out to ensure that uniform wetting takes
place. Cleaning with solvents is a standard procedure, which can include mild
aqueous detergent followed by organic solvent such as ethanol. In extreme
cases, where severe contamination is present, a preliminary treatment involving a
fine abrasive rub, chemical etch with acid or base, ultrasonic treatment, high
pressure spray and heat can be used individually or in combination. Ideally the
cleaned surfaces can be stored in a UV/Oz chamber until use to avoid
contamination from the always present airborne organic matter. Finally, highly
polished surfaces are desirable because roughness can be a contamination in a
sense that scratches or flaws can upset the uniform flow of coating liquid.

2.5.1.2

Coating liquid

While it is assumed that only high purity solvents and reagents would be used in
the preparation of coating liquids, the possibility of contamination after
preparation is always present. This is normally particulate contamination either
from the environment or from deterioration of the solution. A simple method of
cleaning up coating liquids prior to use is by filtration.

2.5.1.3

Coating environment

The ideal coating environment is a clean room, preferably at least Class 100. Not
only does this ensure that the coating process itself is carried out under clean
conditions, but it also allows storage of everything associated with the system for
an indefinite period without fear of contamination or recontamination after
cleaning. If a clean room is not available or not possible for financial or other
reasons, there are clean hoods of all sizes, which can be obtained at much less
cost.
The flow of clean air can, in some cases, interfere with the coating operation.
Non-uniform drying can result from airflow variations over the sample, leading to
thickness inhomogeneities. lt is customary to turn off the airflow through the filters
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during operation if this is the case. The short interval of no flow makes little or no
difference to the particle count in the environment.

As a last resort, in the absence of any clean room facilities, it is possible to use a
semi-closed system such as a dry box-like enclosure. The stationary air mass
surrounding the sample, as a result of the protection from room drafts, is usually
sufficient to give reasonable results.

2.5.2

Solvent properties

lt is preferable to use a solvent with low surface tension, as this will enhance the
uniform flow of liquid solution over the substrate surface. The solvent should also
be reasonably volatile to avoid long drying times. Most common organic solvents
are satisfactory, but aliphatic alcohols in particular are excellent for most sol-gel
systems because they all have low surface tension and, as a class, they provide
a wide selection of volatility while retaining similar solubility characteristics. They
can also be obtained in a high degree of purity thereby minimising potential
contamination problems.
In certain cases, particularly with colloidal systems, water is unfortunately an
essential part of the solvent system. Its high surface tension and comparatively
low volatility can give problems with the smooth wetting of the substrate. Wetting
agents or surface tension reducers, such as alcohols or detergents, will improve
properties to a great extent. The problem with detergents is that they are not
volatile and therefore remain in the coating as a contaminant. In many cases, this
can be of no consequence as the amount of material is minimal and many
detergents are inert. Alcohols are usually a much better solution as they are
volatile and therefore evaporate with the solvent.

2.5.3

Solute properties

The choice of solute or precursor material for a particular coating is, in most
cases, restricted. A solute should provide adequate solubility in the solvent of
choice with small or zero tendency towards crystallisation on solvent evaporation.
Alkoxides are widely used as starting materials and are, in many cases, liquids,
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allowing infinite solubility and zero tendency to crystallise. They are, however,
reactive to water vapour and can give uncontrolled precipitation. The ultimate in
avoiding crystallisation or precipitation from coating solutions is to use colloidal
oxide suspensions. In these systems the conversion to oxide has taken place
prior to the coating operation.

2.5.4

Spin-coating

As shown in Figure 2.10, the substrata is attached to a motor-driven turntable
and liquid is applied from a suitable dispenser. More or less sophisticated
apparatus can be built or purchased, and the quality of the coating strongly
depends on the degree of sophistication.

There are basically three steps to the process. In the first stage, an excess of
liquid is applied to the substrata (normally to the centre of the substrata with the
dispenser stationary). The substrata can either be at rest, rotating slowly or at
speed. In the second stage, the substrata is accelerated up to speed, if not there
already, and the liquid film moves radially outwards from the centre driven by
centrifugal force, eventually reaching the edge and the excess being thrown off.
The surface is thus coated completely with a thin liquid film. In the third stage, the
liquid film solidifies, usually by solvent evaporation or, in many cases with sol-gel
systems, by gelation.

Under ideal conditions, a uniform thin film is obtained after evaporation of the
solvent. Complications, however, can easily arise. In most cases, for example,
stages two and three overlap, and solvent will evaporate as the liquid film flows
across the substrata. This can give rise to viscosity and temperature changes in
the film during application, thus creating inhomogeneities. Radial lines radiating
out from the centre are also a common problem if too rapid solvent evaporation
occurs. The film uniformity can directly depend on the viscosity properties of the
coating liquid. If its viscosity is sensitive to shear, then the film will be thicker in
the centre of the substrata than at the edge.
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Coating
o~..:---- liquid

0
.--L=~~=~:::::;- Substrate
Turntable

Motor

Figure 2.10 Schematic diagram of a basic spin-coater.

Cleanliness can also be a problem because a spin coater is an excellent particle
generator from all the excess liquid thrown off the substrate edge. lt is advisable
to arrange for this excess to be removed as rapidly as possible, either by use of a
vacuum or by a 45° baffle, to deflect it down and away from the sample surface.
A spinning substrate is also a pump. A column of air is sucked down at the centre
and forced radially outwards because of the drag of the spinning substrate. This
enhances the drying rate.

Modeling of the spin coating process is difficult because of the many variables
involved. Two forces dominate spin coating. These are the centrifugal force,
which drives the liquid flow outwards, and the resisting viscous force, which acts
radially inwards. Other factors can have an effect. These include viscosity,
surface tension and temperature changes, due to solvent evaporation during
coating and gelation or due to solidification of the liquid film when the
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concentration reaches a certain level. Although overcoming all these potential
problems might appear challenging, some very good quality coatings can be
prepared if the liquid properties and the apparatus are satisfactory.

In an ideal system, the coating thickness is inversely proportional to the square
root of the rotation speed:
thickness oc

1
~ speed

Thinner coats are therefore obtained at higher speeds. The coating thickness can
also be varied by changing the concentration of the coating liquid. lt is customary
to carry out calibration runs with a particular coating system and spin coater
under standard conditions using witness samples. A calibration curve can be
obtained from which the speeds required for particular thickness can be
estimated.

Some advantages of spin coating over other coating methods include the
following:
•

only a small quantity of coating liquid is required even for large substrates;

•

process is very rapid;

•

process is good for multilayer applications (substrate can be left on the coater
between applications);

•

there are many types of commercial equipment available.

Some disadvantages are:
•

only really good for circular substrates;

•

requires stringent solvent properties;

•

difficult to keep clean;

•

only good for Newtonian fluids;

•

large substrates (> 8 inches) are difficult to coat uniformly.

2.6

PHYSICO-CHEMICAL INTERACTIONS WITHIN SOL-GELS

The silicate matrix inhibits intermolecular interactions of the encapsulated
biomolecules. This is due to the presence of a rigid silicate cage, which prevents
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biomolecule movement. This reduction in the degrees of freedom, coupled with
the low concentration of dopant molecules in the gel, isolates individual dopant
molecules from each other. The unique advantage of this situation is that the
reactivity inside the gel matrix occurs at the level of individual biomolecules. In
sensor applications, this results in a one-to-one correspondence between the
biorecognition molecule and the analyte, which simplifies calculation of the
maximum sensitivity and selectivity for a given amount of dopant32 •

A sol-gel can be regarded as a macroscopically rigid network, which, on a
microscopic scale, contains an open framework of voids, channels and cavities
filled with a water/solvent mixture. When an aged gel or xerogel, containing an
immobilised active dopant, is soaked in a reagent solution, molecular transport
proceeds

relatively

unhindered

through

the

pores

(see

Figure

2.11 ).

Physicochemical interactions can then readily take place between the diffusing
reagent and the encapsulated dopant, giving rise to a biochemical signal that can
subsequently be transduced into an electronic output. Although changes in
electronic configuration as a means of transduction (e.g., optoelectronic and
electrochemical methods} are extensively used for signal processing and output,
sol-gel-derived

silicate

glasses,

being

transparent

to

light

at

wavelengths ;::: 300 nm, are also well suited to optical transduction methods, such
as spectrofluorimetry- detection technique employed throughout the project.

The restricted movement of the recognition molecules combined with the allowed
flow of smaller analytes through the gel pores is an advantageous feature
commonly exploited for sol-gel sensors in flow detection or continuous monitoring
systems. In our case, steady-state fluorescence measurements were used to
investigate the reaction that occurred between the analyte and the dopant
molecule within the silicate matrix. A typical procedure consisted of several
stages, all of them being carefully timed: a sol-gel sample was soaked in a
reagent solution for a limited time, at the end of which it was removed, then dried
on a soft tissue before it was finally interrogated by fluorescence spectroscopy.
When necessary, the same sol-gel was returned in the reagent solution, thus
allowing more analyte molecules to diffuse through the gel network and react with
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the immobilised dopant. The whole process was repeated in this way until the
reaction within the sol-gel had reached equilibrium.

+-~--

Reagent solution

++--+--- Dried gel
Target
analyte

Figure 2.11 Physicochemical interactions within a silica gel network.
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3.1

BSA ENCAPSULATION
3.1.1

Protein fundamentals

Before a discussion of entrapped proteins can be undertaken, it is useful to briefly
review the fundamentals of protein structure and the way in which structure is
related to function and stability.
All proteins consist of amino acid units, joined in series. The sequence of amino
acids, forming the primary structure of a protein, is specific, being determined by
the structure of the generic material of the cell, and this gives each protein unique
properties116• The chain of amino acids folds to create arrangements, such as ahelices and p-sheets, which are the common elements of protein secondary
structure. The various secondary structures then fold into a compact threedimensional configuration, termed the tertiary structure, which in many cases is
the functional form of the protein. In some cases, several identical or nonidentical tertiary units may finally be linked together to produce a larger
quaternary structure, and such assembly may be required for the function of the
actual protein. The final structure of a protein is usually held together by a large
number of weak interactions, including van der Waal's forces, hydrogen bonds
and ionic interactions (salt bridges). In general, hydrophobic amino acid residues
are clustered on the inside of the folded protein; hydrophilic side chains are
present on the surface of the folded protein and favour interactions with the
aqueous solvents in which proteins function. Hence, it is the presence of the
correct tertiary and/or quaternary structure that determines whether a protein is
functional 117.
lt is important to ascertain whether the processes associated with protein
encapsulation into sol-gel derived materials affect the protein structure and
function. Given the necessity for many proteins to change conformation in
response to ligand binding, it is also essential to determine whether the protein
remains mobile and is able to undergo changes in conformation when entrapped
in these sol-gel glasses. Although many techniques exist for the examination of
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protein structure in solution, such as circular dichroism 118•119 , nuclear magnetic
resonance,

Raman,

IR

and

fluorescence

spectroscopies,

fluorescence

spectroscopy is the most widespread and preferred technique for studies of
entrapped proteins.
Fluorescence spectroscopy has been used to investigate various aspects of solgel entrapped proteins, such as protein structure 127·143 , dynamics120 ·131 ·132 ,
stability133 •144 , denaturation 127·144 and binding properties 76 ·135 . The spectroscopic
parameters can include steady-state intensity (for tertiary structure), emission
wavelength (protein structure and environment), steady-state anisotropy (average
rotational dynamics), time-resolved intensity (distribution of environments and
kinetic processes), time-resolved anisotropy (local vs. global motions of proteins)
and energy transfer (distance information). In addition, one or more fluorescence
parameters can be monitored to assess the accessibility of entrapped proteins to
external analytes, the conformational changes of proteins in response to ligand
binding, or the thermodynamic stability of proteins, based on protein unfolding as
a function of temperature or denaturant concentration.

3.1.2

BSA characteristics

BSA structure has been extensively characterised 121 •122 ·123 ·124 ·125·126 .

lt is

composed of a single chain of 582 amino acids (M.W. 67 000) folded into three
globular domains. The linear arrangement of the domains gives the protein an
overall oblate shape with molecular dimensions of about 40 x 140

A127• 128 .

Almost all proteins contain natural fluorophores, these being tyrosine and
tryptophan. At an excitation wavelength near 280 nm, the absorption of proteins
is due to both tyrosine and tryptophan residues. At wavelengths longer than
295 nm, the absorption is primarily due to tryptophan. In spite of its high
absorption at 280 nm and its high quantum yield in aqueous solutions, the
tyrosine emission (303 nm in water) of most proteins is small and frequently
undetectable. Protein fluorescence is thus dominated by the tryptophan residues.
The latter are highly sensitive to solvent polarity and their emission occurs at
348 nm in water. This intrinsic fluorescence may vary in intensity, polarisation, or
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wavelength with changes in protein structure that may result from interaction with
small molecules or with other proteins129.

3.1.3

BSA structural conformation in sol-gels

To ascertain whether the sol-gel-entrapped albumin retained its structural
characteristics,

spectroscopic comparisons were

made

between

albumin

encapsulated in sol-gel glass matrices and albumin dissolved in buffer solutions.

Experimental conditions:
Scan speed = 200 nm.min"1,

Gel composition: see section 2.4.1,

Excitation and emission slits= 2.5 nm,

Sol-gel ageing= 10 days,

Phosphate buffer (0.01 M, pH 6),

Sol-gel drying = 10 days,

BSA cone. in buffer = 1 j!M,

Room temperature.

BSA cone. in sol-gel = 1 j!M,

Fl. int.
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Figure 3.1 Excitation (1) and emission (2) spectra of BSA dissolved in phosphate buffer;
excitation (3) and emission (4) spectra of BSA encapsulated in a silicate sol-gel matrix.
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The typical fluorescence spectra (shown in Figure 3.1) resulting from free and
immobilised albumin illustrate two key points. First, albumin is clearly active
within the sol-gel monolith. Second, there is little spectral dissimilarity, suggesting
no unusual behaviour (denaturation or major conformation change) of the protein
in the sol-gel matrix.
Most protein fluorescence originates from the indole ring of the tryptophan
residues. The emission spectra of this intrinsic fluorophore, like many other
fluorophores, are sensitive to the polarity of its surrounding environment. The
emission maximum of indole shifts to shorter wavelengths (blue shift; 297 nm in
cyclohexane 113) as the solvent polarity is decreased. Conversely, increasing the
solvent polarity results in a shift of the indole Amax to longer wavelengths (red
shift; 347 nm in water113). The emission maxima of proteins are therefore
considered to reflect the average degree of exposure of the tryptophan residues
to the water phase.

The tryptophan emission of immobilised BSA occured at shorter wavelengths
(341 nm), relative to the tryptophan emission of the free protein (347 nm). The
6 nm-blue shift could indicate that the interstitial liquid within the sol-gel network
was slightly less polar than the buffer, in which free BSA was dissolved.
Methanol, being released as a by-product during the polycondensation reactions
of the sol-gel synthesis, could probably account for the decrease in solvent
polarity. However, after 10 days of drying, methanol is expected to evaporate
first, leaving a more water-like environment in the sol-gel pores. In this case, the
presence of a significant number of residual silanol groups55 •130 within the dry
xerogel could contribute to an apparently alcohol-like domain surrounding the
entrapped protein. The blue shift could also be interpreted as arising from the
shielding of the tryptophan residues from the aqueous phase by the entrapped
protein, forced to adopt a more compact conformation, meaning that in the sol-gel
glass, BSA was geometrically restricted from undergoing rearrangement due to
the small pore sizes.
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Despite the possibility of some steric hinderance, sol-gel encapsulation did not
cause denaturation of the immobilised biomolecule, as this usually results in red
shifts in the emission spectra. The fluorescence behaviour of dissolved and solgel-entrapped BSA under thermal and chemical denaturation has previously been
examined 127 : the tryptophan

A.em

were red shifted to 360 and 358 nm for the

dissolved and encapsulated protein, respectively (relative to their native maxima
of348 nm).

No detectable albumin was found in the liquid (methanol + water) expulsed from
the sol-gel pores during ageing and drying. This suggests that the sol-gels can be
good, stable matrices in which to entrap biomolecules.
Other fluorescence studies 127•131 •132 of dissolved and entrapped BSA support
these observations. Edmiston and eo-workers 127 reported that the native structure
of BSA was largely unperturbed by entrapment in similar TMOS-derived sol-gel
monoliths. However, the reversible conformational changes that dissolved BSA
readily underwent in moderately acidic conditions was partially impeded in the
gels. Their most probable explanation was steric restriction, since the average
pore size (mean radius of 50- 100 A) in bulk glasses was comparable to the
dimensions of native BSA (ea. 40 x 140

A).

Furthermore, they speculated that the

protein may act as a template during polymerisation of the sol, in effect directing
the formation of a protein-filled pore. Complementarity between the surfaces of
the native protein and the pore walls would consequently restrict the protein's
ability to undergo a cooperative transition involving an increase in overall size.

Sol-gel monoliths clearly behave like. hydrated porous glass (sometimes referred
to as hydrogels), which contains a significant amount of interstitial water that is
able to solvate and maintain the activity of the entrapped biological material. This
unique property of an inorganic host matrix enabled the successful encapsulation
of numerous proteins133 ·134•135·136•137 , enzymes138·139•140•141 and antibodies 142 in
monolithic configurations.
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3.1.4

BSA stability in sol-gels

In order to determine the long-term stability of these monoliths, the spectral
changes of immobilised albumin were recorded during the drying process.

Experimental cond~ions:
Scan speed = 480 nm.min"1,

BSA cone. in sol-gel= 10 J.!M,

Excitation and emission slits = 2.5 nm,

Gel compos~ion: see section 2.4.1,

Excitation wavelength

Fl.lnt

=285 nm,

Room temperature.
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Figure 3.2 Fluorescence intensity of entrapped albumin as a function of storage time.

Figure 3.2 represents the fluorescence intensity of entrapped albumin as a
function of storage time. The wavelength and shape of the albumin fluorescence
peak did not change from day 1 (1"1 day of storage following 10 days of ageing +

10 days of drying, i.e. 21 days after the encapsulation date) to day 60, meaning
that no signs of protein denaturation, such as a red-shift in the emission
maximum, could be detected. The entrapped albumin had therefore preserved its
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native conformation after 2 months of storage. However the fluorescence
intensity obtained from the same monolith increased with time. Throughout
ageing and drying, water and methanol evaporated, and the whole gel, as well as
its pores within it, shrank. On day 6 and 32 (or 2ih and 531h day after the
encapsulation date) the gel had shrunk by 50 % and 70% of its original volume,
respectively. Consequently, the relative concentration of the trapped BSA
increased. However, a 50 % shrinkage in sol-gel volume did not result in a 50 %
increase in fluorescence intensity. As described in section 2.3.6, the fluorescence
signal depends on the optical path length d, as well as other variables like the
fluorescing species concentration c. The 50 % increase in BSA concentration was
cancelled out by the fact that the optical path length of 27-day old monolith was
much shorter than the one of a freshly prepared monolith.

Many studies have established that proteins

retain

their

characteristic

biochemical functionality and remain stable over periods of months. Flora and
Brennan 143 investigated the effects of ageing and storage conditions on the
stability and metal ion-binding capability of sol-gel entrapped parvalbumin. They
observed no changes in spectral appearance over a period of at least 8 weeks.
They also reported that a significant increase in thermodynamic stability occurred
upon entrapment, which is in agreement with a recent thermodynamic study144 of
a single-tryptophan protein (monellin) entrapped in TEOS-derived monoliths. lt
was suggested that the basis for the enhancement of encapsulated protein
stability could result from a steric restriction on the motion of the protein, with the
silica network "trapping" the protein in an active conformation. The lower degree
of mobility could simply hinder the

movement of the protein into a

thermodynamically unfavourable conformation. Other research groups73 •133•145
have observed an increase in the viscosity of sol-gel entrapped solvents,
compared to that of free solvents, providing evidence that the internal
environment of sol-gels is more highly structured and thus less mobile than free
solvents. This structural rigidity of the internal liquid is also thought to contribute
to the stabilising effect encountered in sol-gel derived matrices.
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BSA-ANS INTERACTION

Fluorescence probes have been defined as small molecules, which undergo
changes in one or more of their fluorescence properties as a result of non
covalent

interaction

with

proteins

or

other

macromolecules146 .

8-

Anilinonaphthalene-1-sulphonate (ANS, see molecular structure in Figure 3.3)
has been extensively studied 147 and used as an extrinsic fluorescent probe to
monitor conformational changes in biological macromolecules148·149·151 . These
small organic anions possess a characteristic property of being practically non
fluorescent in water but highly fluorescent when dissolved in organic solvents or
bound to hydrophobic sites of a number of proteins 150 •

Figure 3.3 Molecular structure of ANS.

3.2.1

Binding of ANS to free BSA

The ANS-BSA complexation in solution was investigated by adding various
concentrations of ANS to 2.5 11M BSA. An ANS stock solution was prepared in
Tris buffer (0.05 M, pH 7.4) at a concentration of 10-3 M. When lower
concentrations were needed, the ANS stock solution was diluted with appropriate
volumes of Tris buffer.

Experimental conditions:
Scan speed= 480 nm.min·1,

Tris buffer (0.05 M, pH 7.4),

Excitation and emission slits = 2.5 nm,

BSA cone. in buffer= 2.5 11M.

Excitation wavelength = 286 nm,

Room temperature.
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Figure 3.1 Emission spectra of ANS-BSA complexes at various ANS concentrations.
(a) no ANS, (b) 0.6 J.LM ANS, (c) 1.7 J.LM ANS, (d) 2.5 J.LM ANS and (e) 4.0 J.LM ANS.
The fluorescence spectra of BSA and ANS-BSA complexes, excited at 286 nm, a
wavelength at which both protein and fluorescent probe absorb, are shown in
Figure 3.1. The quantum yield of ANS is about 0.002 in aqueous buffer, but near
0.4 when bound to serum albumin. This 200-fold enhancement of the quantum
yield is useful because the fluorescence of a dye-protein mixture results almost
exclusively from the dye which is bound to the biomolecule. The spectral
properties of this bound fraction can, therefore, be investigated without
interference from free dye.

In the absence of ANS, fluorescence was emitted maximally at 347 nm from the
.excitation of tryptophan residues of BSA. The emission was quenched on the
addition of ANS, and a second emission appeared at 467 nm, this being a
composite of the fluorescence of the ANS-BSA complex. The BSA emission at
347 nm decreased and the emission intensity of ANS increased upon further
raising the ANS concentration.

70

Sol-gel monoliths

Chapter 3

Chang and eo-workers 151 studied the binding of ANS to BSA and other proteins.
They suggested that these spectral changes were indicative of the transfer of
energy from a chromophore inherent in the protein to an absorbed ANS
molecule. They also found that many factors, such as the binding affinity for ANS,
the number and the structural character of ANS binding sites, might influence the
ANS fluorescence in combination and that an individual factor alone does not
exclusively describe the ability of proteins to enhance ANS fluorescence and the
energy transfer between tryptophan residues and ANS.

3.2.2

Sol-gels moulded in 1 cm pathlength cuvettes

To investigate the permeation of analyte into the porous sol-gel structure, dried
sol-gel monoliths containing BSA were immersed in aqueous solutions of ANS.

Experimental conditions:
Scan speed = 200 nm.min·1,

ANS cone. in buffer= 10 ftM,

Excitation and emission slits = 6.0 nm,

Gel composition: see section 2.4.1,

Excitation wavelength = 284 nm,

Sol-gel ageing = 10 days,

BSA cone. in sol-gel = 0.4 ftM,

Sol-gel drying= 14 days,

Tris buffer (0.05 M, pH 7.4),

Room temperature.

As ANS binds to albumin in solution, the emission peak of the bound ANS is
enhanced and the fluorescence intensity of the albumin peak decreased. An
identical trend (see Figure 3.5) was observed for the sol-gel encapsulated
system, indicating that the ANS-albumin complex still formed within the porous
sol-gel glass matrix. Thus, the modified sol-gel method made it possible to
produce optical biosensors, in which the movement of the recognition molecules
was restricted but the flow of smaller analytes through the sol-gel pores was
allowed.
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Figure 3.5 Emission spectra of (1) BSA encapsulated in a dried silica gel; (2) the gel was
immersed in ANS for 40 minutes; (3) the gel was immersed in ANS for 2 hours.

3.2.2.1

Free and sol-gel encapsulated ANS-BSA complex

A spectroscopic comparison between free and sol-gel entrapped ANS-BSA
complex was carried out under the following conditions.
Experimental conditions:
Scan speed = 200 nm.min·1,
Excitation wavelength = 285 nm.
ANS is well known for its sensitivity to solvent polarity and can potentially reveal
the polarity of its immediate environment. A weak green fluorescence of ANS is
observed in aqueous solutions whereas an intense blue fluorescence is obtained
in less polar solvents. As shown in Figure 3.6, both free and sol-gel encapsulated
ANS-BSA complexes emitted fluorescence at 467 nm, when excited at 285 nm.
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This suggest that sol-gel entrapment did not affect the ANS binding sites, as the
probe did not experience any polarity change upon binding to the entrapped BSA.
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Figure 3.6 Emission spectra of free (1) and sol-gel encapsulated (2) ANS-BSA
complexes.
Kane and Bernlohr149 studied the binding site characteristics of various proteins
by monitoring the spectral changes of the bound ANS probe. They reported that
the position of ANS-bound

A.max

may become blue shifted if the probe is unable to

undergo rearrangement, therefore reflecting a certain amount of orientational
constraint. In our case, no blue shift could be detected, indicating that the mobility
of bound ANS was not restricted within the silica matrix.

Finally, one can conclude that, although BSA may have been sterically impeded
because of its compact and rigid cage-like surroundings, sol-gel encapsulation
did not alter its ability to bind ANS.
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3.2.2.2

Response time/curve

The observed fluorescence from ANS-BSA complex increased as more ANS
molecules bound to albumin encapsulated in the sol-gel glass matrix and
plateaued once all the albumin became ANS bound. Figure 3.7 shows a typical
fluorescence intensity (monitored at 467 nm) versus time profile as a BSA-doped
monolith was immersed in ANS. The response time (Rt) is defined as the time at
which the plot starts levelling off and represents the minimum time within which
all accessible entrapped protein molecules have reacted. In this case, Rt was
approximately 20 hours.

Experimental conditions:
Scan speed= 200 nm.min·1,

ANS cone. in buffer= 10 11M,

Excitation and emission slits = 3.5 nm,

Gel composition: see section 2.4.1,

Excitation wavelength = 285 nm,

Sol-gel ageing = 14 days,

BSA cone. in sol-gel = 0.4 f!M,

Sol-gel drying = 18 days,

Tris buffer (0.05 M, pH 7.4),

Room temperature.
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Figure 3.7 Diffusion profile of ANS into a BSA doped sol-gel, moulded in a 1 cm
pathlength cuvette.
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The accessibility of sol-gel immobilised proteins to external reagents is not only
useful for the examination of protein stability, reaction kinetics and function, but is
a prerequisite for biosensing purposes. However, encapsulation of a protein into
a porous matrix can result in situations where: (1) some of the protein is
entrapped in pores that are completely accessible to the analyte, (2) some in
pores that are partially accessible, (3) while the reminder of the protein is
sequestered into pores that are completely inaccessible 117 •

Protein accessibility has been assessed in a number of studies by quenching the
intrinsic fluorescence of the entrapped protein, using reagents such as
acrylamide, iodide or oxygen. Those studies revealed the existence of an
inaccessible fraction, which depends on the size of the sol-gel immobilised
protein. Small proteins such as parvalbumin (molar volume of 12 - 15 nm 3 )
remained completely accessible 143 to analytes. Slightly larger proteins such as
monellin (molar volume of 23 nm 3) showed inaccessible fractions up to 15% 133 .
Large proteins such as albumin (molar volume of 43 nm 3 ) may have as much as
50% of the protein located in inaccessible pores of the sol-gel 127•152 . These
findings suggested that a large protein may block the entrances of the pores
within which it resides, making it impossible for analyte molecules to enter and
interact with it.
Quenching studies can also give information on the biomolecular quenching rate
constant (kq). Generally, entrapment of proteins within nanoporous sol-gels
results in a decrease of kq due to the low rate of diffusion of the quencher through
the glass matrix. The response times for the reactions of entrapped proteins with
external analytes can therefore be orders of magnitude slower than in solution.
This arises from the increased viscosity of entrapped solvents and the fact that
the alkoxysilane-derived matrices are negatively charged 72 •140·143 at physiological
pH, thus creating complex kinetics with charged analytes.
Because of the inherently slow response associated with the long, tortuous
diffusion path of the analyte and the limited accessibility of the entrapped protein
to the analyte, these sol-gel monoliths were not practical for real sensing
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applications. In order to shorten the response times, diffusion path lengths had to
be decreased and this was accomplished by preparing thinner monoliths.

3.2.3

Sol-gels moulded in 5 mm pathlength cuvettes

In this set of experiments, BSA doped sol-gels were moulded in semi
microcuvettes (see section 2.4.2) and the aim was to study the effect of
ageing/drying times, as well as the analyte and dopant concentrations on the solgel response times.

Sol-gels containing different amounts of BSA (1 to 10 J.LM) were dipped into ANS
solutions of various concentrations (10 to 200 J.LM). At regular time intervals,
fluorescence spectra were acquired at an excitation wavelength of 282 nm and,
according to the procedure described in section 2.6, fluorescence intensities were
measured at 468 nm until the ANS-BSA complexation reaction had reached
equilibrium. For each sol-gel was plotted a diffusion profile (FI.Int(468) versus
immersion time), from which Rt could be determined. The results obtained with
this set of sol-gels are summarised in Table 3.1.
Experimental conditions:
Scan speed = 200 nm.min·1,
Excitation wavelength

=282 nm,

Gel composition: see section 2.4.1,
Room temperature.

Tris buffer (0.05 M, pH 7.4),
Several points are readily apparent from these data. First, compared to the first
generation of sol-gels (average size of 7 x 7 x 28 mm) prepared in standard
polystyrene cuvettes, these dry gels had a much reduced thickness: 3 and
2.5 mm obtained 20 - 24 and 43 days after the encapsulation date, respectively.
Their response to external analytes was consequently much faster: an
improvement of at least 24-fold was observed. Second, when the albumin
concentration in sol-gels was varied, and the ANS/BSA molar ratio kept constant,
the response time remained almost unchanged (see Table 3.2).
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Table 3.1 R1 obtained with 1 - 10 f.!M BSA doped monoliths.
BSA

ANS

Ageing

Drying

Sol-gel size

Rt

(f.!M)

(f.!M)

(days)

(days)

(mm)

(m in)

10

200

10

14

3x8

11

10

100

10

10

3x8

25

10

50

10

14

3x8

50

5

100

10

11

3x8

10

5

50

10

11

3x8

20

2

40

10

12

3x8

10

2

20

10

12

3x8

15

1

20

10

33

2.5 x7

12

1

10

10

33

2.5x7

20

Table 3.2 Effect of BSA concentration on Rt when ANS/BSA is kept constant.
BSA concentration in sol-gels

ANS/BSA
molar ratio

20

11 min

10 min

10min

12min

10

25 min

20 min

15min

20 min

For a given BSA concentration in sol-gels, if the ANS concentration of the dipping
solution was doubled, the response time was inversely decreased by a factor of
two: for ANS/BSA ratios of 10 and 20, the average R1 were found to be 20.0 ± 4.1
and 10.8 ± 1.0 min, respectively. Third, although a prolonged drying time resulted
in thinner gels, Rt was not improved. The reduced diffusion path of the analyte
was obviously cancelled out by a decreased accessibility of the entrapped
protein, inflicted by the shrinking silica matrix. Finally, for concentrations of ANS
exceeding 40 f!M, the diffusion profiles exhibited a very short plateau (or do not
plateau at all) and then rapidly decreased as the immersion time was extended
beyond R1. This phenomenon can be explained by the fact that the ANS solution
was slightly coloured at high concentrations and therefore produced an inner filter
effect.
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Selected examples of diffusion profiles obtained with various concentrations of
analyte and entrapped protein are shown in Figure 3.8.

Experimental conditions:
Scan speed = 200 nm.min'1,
Excitation wavelength

Gel composition: see section 2.4.1,

=282 nm,

Room temperature.

Tris buffer (0.05 M, pH 7.4),

500

400

eo
"'
::!..

-

ANS and BSA
concentrations

300

c:

ii:

-o- 100 J.lM, 10 J.lM

200

-+- 20 11M, I 11M
100

0
0

10

30

20

40

50

60

70

Immersion time (min)
Figure 3.8 Diffusion profiles of ANS into BSA doped sol-gels, moulded in 5 mm
pathlength cuvettes.

In the following experiments, the sol-gel protein content was further reduced

(0.04 to 0.4 J.!M) in order to permit higher ANS/BSA ratios, using ANS
concentrations inferior or equal to 40 J.!M. The results obtained with this set of solgels are summarised in Table 3.3.

Experimental conditions:

=200 nm.min'
Excitation wavelength =282 nm,

Scan speed

1

,

Gel composition: see section 2.4.1,
Room temperature.

Tris buffer (0.05 M, pH 7.4),
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Table 3.3 R1 obtained with 0.04 - 0.4 J.!M BSA doped monoliths.
BSA

ANS

Ageing

Drying

Sol-gel size

Rt

(J.!M)

(J.lM)

(days)

(days)

(mm)

(min)

0.4

40

10

14

3x8

6

0.4

40

17

22

3x7

6

0.4

40

17

25

3x7

5

0.2

40

10

15

3x8

4.5

0.2

40

11

37

2.5 x6.5

5

0.2

40

11

42

0.2

40

17

22

3x7

6

0.2

40

17

25

3x7

6

0.2

10

10

21

3x7

7

0.1

40

10

16

3x8

6

0.1

40

17

22

3x7

6

0.1

10

10

21

3x7

6.5

0.04

40

10

17

3x8

3.5

0.04

40

17

22

3x7

5

2.5

X

6

7

Sol-gels containing between 0.4 and 0.04 f!M BSA reached their plateau in less
than 7 minutes, which represents a 1.4- to 2.8-fold improvement relative to the
previous set of experiments. The faster gel response was simply due to the major
increase of ANS/BSA ratio, which varied from 50 to 1000 while it previously did
not exceed 20.

Despite varying the ageing and/or drying periods, Rt was not very much affected.
Six minutes was the average time observed, as illustrated in Figure 3.9.

Experimental conditions:
Scan speed= 200 nm.min·l,

ANS cone. in buffer = 40 J.!M,

Excitation and emission slits = 12 nm,

Gel composition: see section 2.4.1 ,

Excitation wavelength = 282 nm,

Sol-gel ageing= 17 days,

BSA cone. in sol-gel = 0.1 J.!M,

Sol-gel drying = 22 days,

Tris buffer (0.05 M, pH 7.4),

Room temperature.
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Figure 3.9 Diffusion profile of ANS into a BSA doped sol-gel, moulded in a 5 mm
pathlength cuvette.

The fastest R1 was obtained with the highest ANS/BSA ratio. Unfortunately, a
biosensing system, which depends on the analyte/sensing element concentration
ratio for ensuring fast responses, presents major drawbacks. On one hand, one
can only lower the sensing biomolecular sol-gel content as far as the sensitivity of
the detection system used allows one to. In this case, it was difficult to lower the
sol-gel protein content below 0.04 J.!M since, at this concentration level, the
sensitivity limit of the spectrofluorimeter was already reached. On the other hand,
such a biosensor would not be suitable for the detection of low concentrations of
analyte. In order to decrease the gel response times, the size of the sol-gels had
to be further reduced.

3.2.4

Sol-gels moulded in Perspex blocks

In the following set of experiments, BSA doped sol-gels were moulded in Perspex
blocks, made of Perspex sheets bolted together as illustrated in Figure 2.8.
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Sol-gels containing different amounts of BSA (1 to 10 J.!M) were dipped into ANS
solutions of various concentrations (40 to 100 J.!M). The ANS-BSA complexation
reactions were monitored the same way as detailed in section 3.2.3. The
resulting response times are listed in Table 3.4, along with corresponding
preparation conditions and comments.

Experimental conditions:
Scan speed = 200 nm.min·i,

Gel composition: see section 2.4.1,

Excitation wavelength = 282 nm,

Room temperature.

Tris buffer (0.05 M, pH 7.4),

Table 3.4 R1 obtained with 1 - 10 J.!M BSA doped monoliths.
BSA

ANS

Ageing

Drying

Sol-gel size

Rt

(J.!M)

(J.!M)

(days)

(days)

(mm)

(min)

10

100

10

10

2x8

4-8

10

50

10

11

2x8

11

5

100

10

10

2x8

4-8

irregular curve

5

100

10

13

2x7.5

3.5

cracks

2

40

10

12

2x7

2

irregular curve

2

40

10

12

2x7

4

cracks

1

40

10

12

2x7

2.5

cracks

1

40

10

12

2x7

3

cracks

Comments

irregular curve

Up until now, the geometric arrangement used for fluorescence observation was
the off-centre illumination performed on sol-gel monoliths leaning on two adjacent
walls of a fluorescence cell. The major drawbacks arising from this precarious
arrangement (detailed in section 2.3.7.4) have more or less affected the
fluorescence data reported so far, but, in this particular case, they were even
more emphasised. Precise positioning of 2 mm thick sol-gels in the fluorimeter
sample compartment was impossible to achieve, especially when some of the
gels had been significantly warped during the drying process. Hence, the
response curve irregularities and the difficulty to determine R1•
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Moreover, most of the sol-gels cracked before or shortly after the ANS-BSA
complexation reaction had reached equilibrium. Although the Perspex mould
enabled one to prepare silica monoliths of various thicknesses, it presented a few
imperfections. First, the Perspex sheet interfaces were not completely watertight,
even when assembled with grease or bolted together very tightly. The liquid
surrounding the monoliths was constantly leaking, exposing the gels to the air
before they had develop sufficient strength to withstand the drying compressive
stress. Second, the slots in the Perspex sheets had been laser-cut, but not
polished. Although they looked and felt smooth, the cut surfaces were probably
slightly uneven and provided just enough scratches or flaws to upset the uniform
moulding of sol-gels. The resultant microscopic and localised flaws, due to either
one or both of the above reasons, generated cracks as soon as the gels were
immersed in the analyte solution. Since brittleness is one of the main
disadvantages associated with sol-gel materials, a discussion is devoted to the
drying theory and cracking problems in sol-gels in section 3.2.5.

The best diffusion profile, obtained with 2 mm thick sol-gels, is shown in Figure

3.10.
Experimental conditions:
Scan speed = 200 nm.min'1,

ANS cone. in buffer = 40 11M,

Excitation and emission slits = 8 nm,

Gel composition: see section 2.4.1,

Excitation wavelength = 282 nm,

Sol-gel ageing = 10 days,

BSA cone. in sol-gel = 2 11M,

Sol-gel drying = 12 days,

Tris buffer (0.05 M, pH 7.4),

Room temperature.
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Figure 3.10 Diffusion profile of ANS into a BSA doped sol-gel, moulded in a Perspex
block.

Thin sol-gel monoliths are clearly the key to ensure fast biosensing responses.
Unfortunately, since it was difficult to produce crack-free silica glasses, the
Perspex mould was abandoned and the pursuit of further decreases in sol-gel
thickness was left aside for a while.

3.2.5

Drying theory and cracking problems in sol-gels

3.2.5.1

Drying stages

The drying behaviour of porous solids has been extensively studied and it has
been generally accepted that there are three stages of drying.
Drvinq stage 1

During the first stage of drying, the decrease in volume of the gel is equal to the
volume of liquid lost by evaporation. The compliant gel network is deformed by
the large capillary forces, causing shrinkage of the object. A drying kinetics
analysis of acid-catalysed alkoxide gels showed that, for gels with pores < 20 nm,
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the rate of drying in stage 1 is not constant but in fact decreases substantially.
This behaviour is due to the changes in pore radii during drying, which cause
substantial reductions in vapour pressure of the liquid in the small pores. For
large or small pore gels, the greatest changes in volume, weight, density and
structure occur during stage 1. Stage 1 ends when shrinkage ceases.
DNing stage 2

Stage 2 begins when the "critical point" is reached. The critical point occurs when
the strength of the network has increased, due to the greater packing density of
the solid phase, sufficient to resist further shrinkage. The pores begin to empty
and liquid transport occurs by flow through the surface films that cover partially
empty pores. The liquid is driven to the surface by gradients in capillary pressure,
where it evaporates due to the ambient vapour pressure being lower than inside
the pores.
DNinq stage 3

The third stage of drying is reached when the pores have substantially emptied
and the surface films along the pores cannot be sustained. The remaining liquid
can escape only by evaporation from within the pores and diffusion of the vapour
to the surface. During this stage, there are no further dimensional changes but
just a slow progressive loss of weight until equilibrium is reached, determined by
the ambient temperature and partial pressure of water.

3.2.5.2

Drying failure

lt has been found that cracking almost always occurs at some point in stage 2,
where the water-air interface moves inwards and is strongly dependent on the
thickness of the gel. The thickness sensitivity of cracking has been explained in
terms of differences in the rate of diffusion of water in the transition between
stages 2 and 3. Brinker and Scherer31 showed quantitatively that it is indeed the
difference in shrinkage rate between the inside and the outside of a drying body
that results in a tensile drying stress. When the stress becomes greater than the
strength of the gel, cracking occurs. This stress (crx) can be expressed as a
function of thickness (L):

84

Sol-gel monoliths

Chapter 3

cr (L)"' Lfl LVE
X
3D
where IlL is the viscosity of the pore liquid, Ve is the evaporation rate and D is the
permeability of the gel. This equation shows that as the thickness of the gel (L)
increases or the evaporation rate, Ve, increases, the probability of cracking
increases.

When samples fail, they do so at distinct points within the drying sequence.
Cracking during stage 1 is rare, but can occur when the gel has had insufficient
ageing and strength and, therefore, does not possess the dimensional stability to
withstand the increasing compressive stress. If the loss rate is increased (by
lowering the vapour pressure of the ambient atmosphere or increasing the draft
rate), there comes a point where it exceeds the maximum rate of shrinkage. If
this occurs, localised pore emptying results and surface cracks develop.

Most failure occurs during the early part of stage 2, the point at which the gel
stops shrinking. This is the point at which the meniscus falls below the surface. A
distribution of pore sizes exists in these materials, and some pores must empty
before others. The pores that empty first (at the larger end of the distribution) stop
shrinking at the point of emptying and can only passively shrink under the
influence of nearby saturated pores. The possibility of cracking at this point is
great due to the high stresses and low strain tolerance of the material.

During stage 3, the moisture level and, thus, the stress is considerably
diminished by this point that cracking does not generally occur (unless very large
defects are present).

3.2.5.3

Crack prevention

The strength of a gel is a critical parameter in preventing cracking due to capillary
stress during drying. The initial strength of the gel depends on the sol
composition, i.e. type of precursor, catalyst type, catalyst concentration and
water/precursor ratio.
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Theoretically, it is possible to dry gels with different microstructures and strengths
by using very slow drying rates, but this process may not always be economically
feasible because of the long drying times. Faster drying rates without cracking
can be achieved with gels having larger pores and higher strength, since larger
pores increase permeability and reduce capillary stress.

Highly branched structures form under basic conditions. These cannot
interpenetrate and, therefore, the ageing or drying shrinkage stops at earlier
stages. As a result, larger pores are obtained under basic conditions. In contrast,
minimally branched structures form under acidic conditions, which can easily
shrink during ageing and drying, therefore, smaller pores are obtained. However,
base-catalysed gels were found to be very weak, with an elastic modulus 10-20
times smaller than acid-catalysed gels. Kirkbir and co-workers 30 suggested that
hydrofluoric acid acted like a basic catalyst, since the HF-catalysed gels showed
the same distinct features as base-catalysed materials, i.e. larger pores, larger
pore volume and smaller surface area than the gels catalysed with H2S0 4 , HN0 3 ,
HCI or oxalic acid. The HF-catalysed gels, exhibiting a very small shear modulus,
were also the weakest gels obtained in their study.
Kirkbir and co-workers 30 showed that the shear modulus of gels could be
increased by increasing the water concentration at the sol preparation. The
increased gel strength was the result of different mechanisms. First, increasing
the water concentration increases the rate of reactions and decreases the
gelation time. This indicates that the condensation reactions are more complete
at high water concentrations, resulting in higher shear modulus. Second, the
higher water content in the pore liquid after gelation accelerates the silanol crosslinking reactions during ageing. Third, the growth of the neck between the
particles, by dissolution and reprecipitation of Si0 2 during ageing, accelerated by
increasing water concentration can also strengthen the gel skeleton.

The use of organic additions to alkoxide solutions, termed drying control chemical
additives (DCCAs), has been demonstrated in producing crack-free gel
monoliths. lt has been proved that DCCAs control the rate of hydrolysis and
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condensation reactions, pore size distribution, pore liquid vapour pressure 153 and
drying stresses. Nikolic and Radonjic154 studied the influence of various DCCAs
(formamide, glycerol and oxalic acid) on all stages of the sol-gel-glass transition
and concluded that formamide was the best additive with respect to gel cracking
resistance. lt reduced the capillary pressure in two ways:
1. By forming a film on the surface, which reduces the contact angle of the pore
liquid (8 ) in the following equation, expressing the capillary pressure (Pc) as:

p

'

= 2y cose
a

where y is the surface tension of the pore liquid at the liquid vapour interface
and a is the hydraulic pore radius.
2. By lowering the vapour pressure, which reduces evaporation of the pore liquid
so that it is retained in the smallest pores.
In concordance with other reports, Nikolic and Radonjic observed that formamide
increased the microhardness of wet gels (electron micrographs of gels revealed
large necks formed between particles, making the gel stronger and more capable
of resisting drying stresses) and the pore sizes of dried gel while maintaining a
narrow pore size distribution. Therefore, the net effect of formamide, added to an
acid-catalysed TEOS solution, was first to accelerate the hydrolysis rate, allowing
a strong gel with uniform large pores to be formed, and second to enhance the
,

drying rate without inducing cracks in the gel monolith.

3.3

ANS-FA COMPETITION

The methods of studying drug-protein interactions can be broadly classified into
two groups: direct techniques (based on the monitoring of a physicochemical
property of the protein or the drug upon binding) and indirect techniques (based
on the measuring of the free drug after separation from the bound drug). Among
the direct techniques, which are mainly spectroscopic, fluorimetry has been
extensively applied, especially in the field of competitive binding experiments.
ANS has been used in a number of studies124·126·149 for investigating drug
interactions with proteins.
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The interaction between ANS and serum albumin has traditionally been
considered to be of a hydrophobic nature. Therefore, only drugs capable of
forming hydrophobic bonds and competing with ANS for the same binding site
could, in principle, displace the probe from its complex with BSA and, thus, bring
about alterations that can be detected by fluorescence techniques 125•
A competition assay was developed to monitor the ability of flufenamic acid (FA,
2-[[3-(trifluoromethyl)phenyl]-amino]benzoic acid) molecules to displace ANS
from the binding cavity in BSA. FA is an anti-inflammatory drug and its molecular
structure is shown in Figure 3.11. A 25 mM stock solution was prepared by
dissolving 0.703 g of FA in 100 ml of 0.05 M Tris buffer pH 7.4. A few drops of
ammonium hydroxide were added in order to facilitate dissolution. BSA doped
sol-gels were dipped into mixtures of ANS and FA. The concentration of ANS
was kept constant, while the concentration of FA was increased, giving FA/ANS
molar ratio varying from 0.25 to 1.25. Fluorescence spectra were acquired at an
excitation wavelength of 280 nm and, according to the procedure described in
section 2.6, fluorescence intensities were measured at 468 nm until the
competition reaction between ANS and FA for the albumin binding sites had
reached equilibrium. For each sol-gel and corresponding analyte mixture a
reaction curve (FI.Int(468) versus immersion time) was plotted as shown in Figure
3.12.

7
Figure 3.11 Molecular structure of flufenamic acid.
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Experimental conditions:
Scan speed = 200 nm.min-1,

ANS cone. in buffer= 0.4 mM,

Excitation and emission slits = 4.0 nm,

Gel composition: see section 2.4.1,

Excitation wavelength = 280 nm,

Sol-gel ageing = 14 days,

BSA cone. in sol-gel = 0.8 f.LM,

Sol-gel drying = 19 days,

Tris buffer (0.05 M, pH 7.4),

Room temperature.

700

FA/ANS
molar ratio

600
500
~

00

-."'"'-~.
ii:

400

--0-

0.25

---

0.50

--o-- 0.75

300
200

-----

1.00

--6--

1.25

100
0
0

1

2

3

4

5

6

7

8

9

Immersion time (min)

Figure 3.12 Competition between ANS and FA for the binding sites on immobilised BSA.

Figure 3.12 shows the effect of added FA on the fluorescence of ANS-BSA. lt is
clear that the fluorescence of complexed ANS was quenched in the presence of
increasing concentrations of competitor ligand.

For this particular set of sol-gels, R1 was six minutes. These results could then be
presented in a different format (see Figure 3.13), where the fluorescence of ANSBSA (measured at 6 min) was plotted against FA/ANS ratio. A linear relationship
was found between the fluorescence intensity of bound ANS and the FA/ANS
molar ratio.
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Figure 3.13 Linear relationship between ANS-BSA fluorescence and FA/ANS ratio.
The interactions of fluorescence probes with proteins may be described in terms
of the stoichiometry and affinity of binding. Although there are some
contradictions in the literature regarding the number of specific binding sites
(five 121 ·122 ·129 or three) of BSA for ANS, the most recent studies 123•125 ·126·151
reported a stoichiometry of about 3 (ANS/BSA) for the ANS-BSA complex. The
ANS displacement assay could therefore be used to evaluate the competitor
ligand binding affinity and specificity for BSA. However, one should bear in mind
that the competitor ligand may not just displace the previously bound probe by
occupying the same binding sites, but may quench the complexed probe
fluorescence by binding to the protein via a different type of site 125 •

?

3.4

(/,l<f'/1

ANTIBODY ENCAPSULATION
3.4.1

Antibody fundamentals

Antibodies are serum proteins, produced by two types of blood cells (8
lymphocytes and plasma cells) in response to a foreign (non-self) substance. The
foreign substance is termed an immunogen, so defined because it evokes an
immune response (that is, production of many antibodies). In most instances, an
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individual antibody will recognise only one substance, called the antigen. In
biosensors based on antibodies, the analyte is either the corresponding antigen
of the antibody used or part of it (known as a hapten). An antibody-antigen
interaction is characterised by two major properties that may be exploited for
sensing or detection purposes:
(1) lt has a very high affinity constant; up to 10-18 M of antigen can be detected in
certain laboratory immunoassays.
(2) lt has low cross-reactivity; relatively minor changes in the structure of a given
antigen can render it almost invisible to an antibody produced in response to
the original unmodified antigen.
The antigen-antibody reaction may therefore be regarded as highly specific.
Antigen

Heavy

chain----l

c c

0
0

H

0
0

H

Figure 3.14 Schematic diagram of an ·antibody and its fragments.

Antibodies, also referred to as immunoglobulins (lg), consist of four polypeptide
sub-units comprising two identical heavy chains and two identical light chains,
which are held together by non-covalent forces and covalent interchain disulphide
bonds. The total molecular weight of an antibody is typically 140- 200 kDa. The
lg macromolecule, schematically represented as a Y-shaped structure (see
Figure 3.14) is composed of two identical Fab (fragment antigen binding) portions
hinged to a Fe (fragment crystallisable) part. The variable region of the Fab
fragments are where the amino acids are organised to produce a binding site for
the specific antigen. The Fe fragment does not combine with the antigen, but
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contains carboxy terminal amino acids which allow linkage to solid supports (like
transducers).

3.4.2

Antibody structural conformation in sol-gels

To ascertain whether sol-gel-entrapped antibodies retained their structural
characteristics, spectroscopic comparisons were made between antibodies
encapsulated in sol-gel monoliths and the same antibodies dissolved in buffer
solutions. Three types of antibodies have been immobilised in sol-gel glasses,
these being anti-atrazine, anti-sulfamethazine and anti-thyroxine.

Experimental conditions:
Scan speed = 480 nm.min·1,

Gel composition: see section 2.4.1,

=2.5 nm,
Antibody dilution in sol-gel =1:625,

Sol-gel ageing = 10 days,

Antibody dilution in buffer = 1:500,

Room temperature.

Excitation and emission slits

Sol-gel drying = 11 days,

Phosphate buffer (0.01 M, pH 6),
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Figure 3.15 Excitation (A) and emission (B) spectra offree (1) and sol-gel encapsulated
(2) atrazine antibody.
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The intrinsic fluorescence spectra (see Figure 3.15) resulting from free and
immobilised atrazine antibody showed that the antibody was clearly active within
the sol-gel monolith, and that there was very little spectral dissimilarity,
suggesting no denaturation or major conformation change of the antibody in the
sol-gel matrix. The smaller fluorescence intensity obtained in the monolith was
simply due to a higher dilution factor used for the encapsulation of anti-atrazine.
These results seemed surprising when compared with those relating the
entrapment of BSA in sol-gel monoliths (see section 3.1.3). An antibody being
two to three times bigger than BSA, the silica matrix was expected to induce a
fair degree of steric restriction on the immobilised anti-atrazine.

Nevertheless, other proteins much larger than BSA have previously been
entrapped in sol-gels without deleterious effect on their activity. For example, the
periplasmic nitrate reductase (Nap), with a molecular weight of 109 000, was
immobilised in TMOS-derived monoliths 139• The full retention of its activity
stemmed from the increased water content in the hydrolysis sol mixture
(water/TMOS volumetric ratio of 2.19/1, compared to 2.10/1 in our preparation
protocol). This had the effect of enlarging the sol-gel pores, without inducing any
leaching of the enzyme. The entrapped Nap was reported able to reduce nitrate
to nitrite even after a storage period of six months. Anti-fluorescein antibody has
also been encapsulated in TMOS-derived monoliths 142 (water/TMOS volumetric
ratio of 1.60/1 ). The sol-gel immobilised antibody remained active for at least five
weeks (when stored in water at 4°C), but lost some of its affinity towards
fluorescein. Even in the best case, encapsulation led to a two order of magnitude
decrease in affinity.

These two examples could certainly encourage one to think that anti-atrazine was
unperturbed by the silicate matrix. However, the above results were based solely
on changes in the tryptophan emission (which is blue shifted for free antibody
compared to free protein) properties and may therefore reflect only localised
structural retention monitored in the vicinity of these residues. Before one can
confidently assert that the sol-gel encapsulation process did not disrupt the
antibody's structural conformation, it was necessary to assess its binding affinity
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once immobilised in a sol-gel matrix. To address this issue, it was necessary to
prepare fluorescently labelled analytes specific to the antibodies under study.

The interpretation of the free and immobilised anti-sulfamethazine and antithyroxine fluorescence spectra (not shown in this thesis) led to similar
conclusions.

3.4.3

Antibody stability in sol-gels

In order to determine the long-term stability of these monoliths, the spectral
changes of immobilised atrazine antibody were recorded during the drying
process.

Experimental conditions:
Scan speed

=480 nm.min-1,

Excitation and emission slits
Excitation wavelength

Phosphate buffer (0.01 M, pH 6),

=2.5 nm,

Gel composition: see section 2.4.1,

=285 nm,

Antibody dilution in sol-gel

Room temperature.

= 1 :625,

Fl.lnt.
260

- - Day1
220

- - Day3
- - Day9

180

140

100

60

290

310

330

350

370

390

410

430

450

Wavelength (nm)

Figure 3.1 Stability of sol-gel immobilised atrazine antibody as a function of storage time.
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Figure 3.16 represents the fluorescence intensity of entrapped atrazine antibody
as a function of storage time. The wavelength and shape of anti-atrazine
fluorescence peak did not change from day 1 (1st day of storage following 10
days of ageing+ 10 days of drying, i.e. 21 days after the encapsulation date) to
day 9, meaning that no signs of antibody denaturation, such as a red-shift in the
emission maximum, could be detected. The entrapped atrazine antibody
therefore retained its native conformation after 9 days of storage.

3.4.4

FITC-sulfamethazine

Sulfamethazine (SMT) was labelled with fluorescein isothiocyanate (FITC)
according to the procedure described by Joyce 155 (see conjugation scheme in
Figure 3.17). The resulting conjugate fluoresced at 515 nm when excited at

470 nm.

H C~N
3

}--~,
N soONH,

+

H3 C
HO

sulfamethazine (SMT)

fluorescein isothiocyanate (FITC)

OH
0

H,C~N

H

N soONr-~
/>-N\

H3 C

-

fj

~

H

s

OH

FITC-SMT conjugate

. Figure 3.17 Scheme for conjugation of SMT with FITC.
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Before testing the binding of sol-gel entrapped anti-SMT with FITC-SMT, it was
necessary to devise a washing system capable of flushing the unbound analyte
fraction out from the sol-gel pores. A blank sol-gel monolith was immersed in a
FITC-SMT solution for at least 15 minutes, in order to allow the fluorescent
conjugate to diffuse evenly throughout the silica matrix. The blank monolith,
saturated with FITC-SMT, was then placed on the inside of a polystyrene cuvette,
which had water flowing in and out of it through a tubing arrangement as depicted
in Figure 3.18. The water inlet was connected to a peristaltic pump in order to
control the flushing flow rate.

OUT

IN

~

IN

/

1
,';:, ;,,,

L

'

!

OUT

Figure 3.18 Washing off the unbound FITC-SMT fractions.

The results obtained with the first and second washing systems are summarised
in Table 3.5 and Table 3.6, respectively.

Experimental conditions:
Scan speed = 200 nm.min·1,

Sol-gel ageing = 10 days,

Excitation and emission slits = 15 nm,

Sol-gel drying = 17 days,

Excitation wavelength= 470 nm,

Flow rate = 35 ml.min·1,

Gel composition: see section 2.4.1,

Room temperature.

96

Chapter 3

Sol-gel monoliths

Table 3.5 Flushing of the unbound FITC-SMT with the 1''washing system.
Washing time (m in)

Fl. lnt(515)

Expelled fraction(%)

0

545

0

10

459

16

20

4~

21

31

367

33

61

314

42

Experimental conditions:
Scan speed = 200 nm.min·l,
~

Excitation and emission slits
Excitation wavelength

Sol-gel ageing = 10 days,

=15 nm,

Sol-gel drying

=470 nm,

=18 days,

Flow rate = 35 mL.min·1,
Room temperature.

Gel composition: see section 2.4.1,

Table 3.6 Flushing of the unbound FITC-SMT with the 2"d washing system.
Washing time (min)

Fl.lnt(515)

Expelled fraction(%)

0

671

0

10

489

27

40

425

37

60

376

44

None of the washing procedures were satisfactory. After the sol-gels had been
washed for one hour, more than 50 % of the unbound FITC-SMT still remained
inside the silica pores. These results clearly proved that it would be very difficult
to quickly separate the free from the bound form of analyte in a monolithic sol-gel
biosensor. lt was then decided to look for an analyte, which could undergo
changes in emission characteristics on binding to antibody.

Since a dansyl conjugate would be slightly fluorescent on its own, but highly
fluorescent when bound to antibody, the labelling of SMT with dansyl chloride
was therefore attempted and described in the next section.
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3.4.5

Dansyl-sulfamethazine

The reaction of 5-dimethylaminonaphthalene-1-sulfonyl chloride (dansyl chloride)
with SMT was carried out as illustrated in Figure 3.19. Under stirring, 485.6 mg
(1.8 mmol) of dansyl chloride (DNS-CI) were slowly added to 501.7 mg
(1.8 mmol) of SMT in about 125 ml of dry dichloromethane (DCM) and 0.3 ml
(2.2 mmol) of triethylamine (EhN). The mixture was allowed to react overnight,
under nitrogen and at room temperature. The organic phase was washed several
times with deionised water, then dried with anhydrous sodium sulphate and,
finally, filtered before removal of the remaining solvents by rota-evaporation.

+

Dansyl chloride

Sulfamethazine (SMT}
DCM
Et3N

stir overnight
under nitrogen

+

HCI

Dansyi-SMT
wash with water
several times

organic phase
Dansyi-SMT in DCM

aqueous phase
Et3 N

+

HCI

Figure 3.19 Scheme for conjugation of SMT with dansyl chloride.

lt is well-known that the N-dansylation of a primary amine R-NH2 (reaction 1) is
accompanied by two undesirable side reactions 156 (2 and 3), as shown below:
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R-NH2 + DNS-CI ~ R-NH-DNS + HCI
H20 + DNS-CI

~

(1)
(2)

DNS-OH + HCI

R-NH-DNS + DNS-CI

~

(3)

DNS-NH 2 +other products

where DNS-OH is dansyl sulfonic acid and DNS-NH 2 is dansyl amide. In order to
minimise the side reactions, the glassware was oven-dried for at least 12 hours,
anhydrous solvents and a 1:1 molar ratio of DNS-CI to SMT were used. In spite
of all these precautions, this procedure resulted, on one hand, in a very poor
product yield and, on the other hand, in a brown paste, whose sticky texture
made it difficult to remove from the bottom of the reaction vessel. This synthetic
route was clearly unsatisfactory, since it did not generate enough product
necessary for characterisation and biosensing purposes.

Although no more time could be devoted to the conjugation of dansyl chloride
with SMT, a similar synthetic route has been reported for the N-dansylation of 2'amino-2'-deoxyuridine157 and afforded a 75% yield. The reaction protocol differed
from the one described above on two major points: first, an excess of dansyl
chloride was added to the uridine derivative (dansyl chloride/uridine derivative
molar ratio of 2.2/1) and second, the reaction was carried out at 40°C for 2 hours.
Many different dansylation methods158·159·160 have been published in the
literature. For example, Manger and co-workers 161 synthetised N-dansyl
monosaccharide derivatives using the following conditions. A glycosylamine
(1 0 t-tmol) was dissolved in 500 t-tL of 0.2 M sodium bicarbonate. Acetone
(500 t-tL) containing

13.5 mg of dansyl chloride was then added

(final

concentration 50 mM) with stirring and the reaction was allowed to continue at
room temperature for one hour. A brown solution containing some precipitated
salt and some unreacted dansyl chloride was obtained. The mixture was dried
and resuspended in 200 t-tL of 50 % ethanol. The products (70 - 80 % yield) were
finally

separated

using

reversed-phase

fluorescence detection P•ex =336 nm; Aem

HPLC,

with

UV

(254 nm)

and

=536 nm).

Later, Corradini's group162 synthetised dansylethylenediamine by adding a
solution of dansyl chloride (3.67 g, 13.6 mmol) in CH 3CN (360 mL) at

ooc

to
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ethylene diamine (9.1 ml, 136 mmol) with stirring. The mixture was then allowed
to stir at room temperature for three hours. Unreacted dansyl chloride was
removed by acidification (pH 4) and extraction with diethyl ether. The aqueous
layer was basified with aqueous NaOH and extracted with CHCI 3 . The extract
was dried over Na 2 S04, concentrated, and dried in vacuo to provide 2.9 g (73 %
yield) of dansylethylenediamine as a solid.

3.4.6

Fluorescamine-thyroxine

3-4.6.1

Fluorescamine-thyroxine conjugation

Fluorescamine is a non-fluorescent reagent that reacts readily with primary
amines to form fluorescent compounds. Thyroxine (T4) was labelled with
fluorescamine according to the procedure described by Handley163 (see
conjugation scheme in Figure 3.21). A 0.03% (w/v) fluorescamine solution in
acetone, and a 10 J-lg.mL-1 T4 solution in phosphate buffer (0.1 M, pH 8) were
prepared. These two solutions were then mixed together (1 :4 volumetric ratio of
fluorescamine:T4) on a Vortex mixer to yield a fluorescamine-T4 conjugate, which
fluoresces at 480 nm when excited at 390 nm. Neither fluorescamine nor its
hydrolysis product (see Figure 3.20) are fluorescent. it was therefore not
necessary to separate them from the fluorescent product. Only when present in
high concentrations do they interfere with the fluorescence readings as they still
absorb light at 390 nm.

:----.

H2 0
0

0

OH
0

Fluorescamine
(non-fluorescent)

co,H
Hydrolysis product
(non-fluorescent)

Figure 3.20 Fluorescamine hydrolysis.
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+

CO,H
NH 2

0

Fluorescamine

Thyroxine (T4 )

HO

I

'~

0
0

H02 C

'-':;:

\.&

OH

co,H

Fluorescamine-T 4 conjugate

Figure 3.21 Scheme for conjugation of thyroxine with fluorescamine.

3.4.6.2

Conjugate binding to free anti-thyroxine

Handley163 found that the fluorescence of fluorescamine-T4 was enhanced on
binding to antibody, and that a maximal enhancement of 4 fold was obtained at
an antibody dilution of 1:100. Using similar experimental conditions, the T4
conjugate, prepared as described in section 3.4.6.1, was mixed with increasing
amount of antibody. The results are listed in Table 3.7.

Experimental conditions:
Scan speed = 200 nm.min·',

Phosphate buffer (0.1 M, pH 8),

Excitation and emission slits = 15 nm,

Incubation time= 15 min,

Excitation wavelength = 390 nm,

Room temperature.

Antibody dilution in buffer= 1:100,
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Table 3.7 Fluorescence enhancement of T4 conjugate upon binding to antibody.
Enhancement (%)

Conjugate {11L)

Anti-T4 {11L)

Fl.int(478)

57

0

369

57

100

495

34

57

150

544

47

57

250

594

61

57

350

598

62

The binding of fluorescamine-T4 to anti-T4 resulted in a fluorescence increase,
but the maximal enhancement was only of 1.6 fold. This meant that the T4
conjugate was not a suitable analyte for applications in sol-gels. The background
fluorescence generated by the unbound fluorescamine-T4 would be very high
relative to the signal produced by the antibody-bound conjugate, making it
impossible to distinguish the free from the bound analyte fraction.
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4.1

Sol-gel thin films

INTRODUCTION

Compared to monoliths, sol-gel thin films offer a few advantages73 :
1. they give a better dimensional control of the final product material;
2.

they require smaller amounts of dopant molecules;

3. they have faster response times with external reagents;
4. they have better compatibility with optics and electronics;
5. they show potential for miniaturisation; and
6. they provide the possibility of fabricating multilayer configurations.

As described in chapter 3, the encapsulation of biomolecules in silica sol-gel
monoliths involved an alkoxysilane precursor mixed with a suitable buffer in order
to raise the pH of the medium to near biological values. This method of synthesis,
however, is incompatible with the common sol-gel film deposition approaches for
two main reasons. Compared to monoliths, (1) thin films are formed from a lower
viscosity sol, and (2) longer gelation times are necessary for the preparation of
protein-doped thin films. In the latter case, lower water to silane ratio, higher
methanol concentration and lower pH are needed for forming stable sols with
considerably longer gelation periods73 •

4.2

SANDWICH FILM ARCHITECTURE

Sol-gel thin films were prepared following procedures similar to those described
by Narang et a/. 82 •90 , who developed a new sol-gel/protein/sol-gel sandwich
architecture based on the encapsulation of protein between two sol-gel derived
thin films (see Figure 4.1 ). This sandwich configuration exhibited high enzyme
(glucose oxidase 82 and urease 90 ) loading, fast response times (< 30 s), high
storage stability (> 2 months) and good run-to-run stability, which compared
favourably with previous immobilisation schemes. These promising results
indicated the viability of sol-gel sandwich architecture for the development of
various biosensing applications.
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~--------~~~--Upper sol-gel film

Protein layer

--1~=~=~======~- Bottom sol-gel film

Glass substrate --+1

Figure 4.1 Schematic representation of the protein-doped sol-gel thin film sandwich
architecture.

4.2.1

Film preparation

A sol-gel stock solution was prepared by mixing 3 ml of TMOS, 1.4 ml of deionised water and 0.1 ml of 0.1 M HCI. The mixture was sonicated for about half
an hour in an ice-bath to form a clear solution.

The sol-gel/albumin/sol-gel sandwich films were cast on glass slides. Before film
preparation, the glass slides were soaked in dilute nitric acid overnight, then
rinsed with copious amounts of de-ionised water. The slides were finally wetted
with isopropyl alcohol prior to initial film casting.

The thin films were formed by spin coating (2800- 3000 rpm for 30 seconds) onto
the substrate using the appropriate sol-gel solution (enough to cover the entire
surface of the glass slide). First, the lower film was produced from a 1:2 dilution
of the sol-gel stock solution with methanol. This bottom sol-gel layer was
necessary in order to yield a uniform coating of BSA and subsequently form a
uniform sol-gel top layer. Narang and co-workers82 speculated that the high
hydroxyl content of the sol-gel lower film led to an increased adsorption of protein
to the bottom film. After overnight drying under ambient conditions, the film was
cured for 10 minutes at 180- 200°C. After removal from the oven, the film was
allowed to cool in air at room temperature for at least 30 minutes. Second, a few
drops of a 500 11M albumin solution (in 0.01 M phosphate buffer, pH 6) were then
spread onto the sol-gel-coated substrate. The albumin coated film was kept in the
fridge at 4°C. Third, after 24 hours, the upper film, produced from a 1:4 dilution of
the sol-gel stock solution with de-ionised water, was spun cast on the top of the
sol-gel/albumin surface. All final sandwich films were stored dry at 4°C.
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Results and discussion

Figure 4.2 - trace A represents a typical emission spectrum of trapped BSA in a
sandwich film. Compared to the fluorescence of native BSA (A.em

=347 nm), the

emission of entrapped protein in the sandwich films was slightly red shifted

(A.em = 350 nm), probably indicating partial denaturation of trapped BSA due to
added methanol in the sol-gel mixture.

Experimental conditions:
Scan speed = 200 nm.min·l,

ANS cone. in buffer= 100 J.1M,

Excitation and emission slits = 10 nm,

Immersion time = 1 min,

Excitation wavelength = 285 nm,

Room temperature.

Tris buffer (0.05 M, pH 7 .4),

Fl.lnt.
(A)

50

40
(B)

30

20

10

330

350

370

390

410

430

450

470

490

510

Wavelength (nm)
Figure 4.2 Emission spectra of a BSA-doped sandwich film before (A) and after (B)
immersion in an ANS solution, and blank film (C).
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Figure 4.2- trace B shows the emission spectrum obtained from a solgei/BSA/sol-gel film, after immersion in a 100 1-1M ANS solution for 1 minute. Two
points can be highlighted. First, ANS-BSA binding visibly occurred inside the
sandwich film and was proved by the quenching of the BSA peak (at 350 nm) and
the concomitant appearance of a bound ANS emission at 462 nm. Like the solgel monoliths, the sandwich films had a porous structure, through which analytes
could diffuse. The fluorescence of complexed ANS was however slightly blue
shifted relative to the complexation signal in buffer (A.em = 467 nm). As explained
in section 3.2, the extrinsic fluorescent probe is sensitive to the polarity of its
surrounding environment. Given the high proportion of methanol in the lower solgel film, ANS might have experienced a less polar medium and/or sensed some
conformational changes in the sandwiched macromolecule. Second, within 1
minute of immersion, the fluorescence of bound ANS was increased by 9 fold
whereas in the monolithic gels the enhancement was less than 2 fold. Unlike bulk
sol-gels, these results reflect shorter diffusion path lengths and better
accessibility of the entrapped biomolecule.

However, the fluorescence emitted from the trapped BSA was a weak signal and
wide slit width settings (10 nm) had to be used in order to detect it. An attempt
was made to prepare thicker and more porous films using four different
approaches: (1) decrease of the dilution factor for the lower sol-gel film
preparation; (2) reduction of the coating speed (from 3000 to 1500 rpm); (3)
ageing prolongation of the sol-gel stock solution to increase its viscosity, and (4)
reduction of the curing time (from 10 to 4 minutes) to increase the porosity. Some
of these attempts seemed to succeed and resulted in a stronger fluorescence
signal. Unfortunately, none of the results could be reproduced. The fluorescence
intensity of the albumin peak obtained from a batch of 10 films varied from one
measurement to another, sometimes by as much as 200 %.

The uniformity of each film was then investigated, simply by measuring
fluorescence in 10 different regions on the sol-gel-coated slide. The calculated
coefficient of variation (CV) was very poor and varied from 30 to 50 %. Figure 4.3
shows how the examination of a particular sandwich film uniformity was
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performed and the extent of variation between the 10 fluorescence readings, in
terms of intensity and maximum emission wavelength, is summarised in Table

4.1.
Experimental conditions:
Scan speed = 200 nm.min·1,

Excitation wavelength = 285 nm,

Excitation and emission slits= 10 nm,

Room temperature.

Reading N"

Fl.lnl

Reading position on
sol-gel coated slide

120
1

8

2

9

100

3

10

4

7

6
5

80

60

40

20

330

350

370

390

410

430

450

470

Wavelength (nm)

Figure 4.3 Examination of the sandwich film uniformity.

The film making process was first considered to impart flaws or irregularities in
the final sol-gel products. The way the albumin solution was spread onto the solgel-coated substrate was thought to cause uneven distribution of BSA molecules
throughout the film. In order to achieve a more even coating of the protein, an
acetate cellulose sheet was soaked in albumin solution and then deposited on
top of the lower sol-gel layer. This attempt did not lead to better CVs.
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Table 4.1 Examination of sandwich film uniformity.
Reading N"

Max. Aem

Fl.lnt.

1

353

69

2

350

39

3

351

113

4

349

104

5

350

126

6

346

84

7

347

66

8

349

19

9

351

24

10

353

93

In the last stage of the sandwich film method, a diluted stock sol-gel solution (1 :4
sol-gel stock:water) was spun cast on top of the sol-gei/BSA surface. This upper
film mixture contained 80 % water. During film casting, water might have
randomly washed off some of the BSA molecules from the surface, resulting in a
loss of sensitivity for the completed sol-gei/BSA/sol-gel architecture and in an
uneven distribution of protein between the two layers.

New films were then prepared following the same procedure as described in the
section 4.2.1, with a slight modification. Before spin coating the upper sol-gel
layer, the sol-gei/BSA coated slides were washed with de-ionised water to
remove all albumin molecules physically adsorbed onto the sol-gel lower film.
The albumin molecules that were left and had impregnated the bottom sol-gel
layer could hardly be detected by fluorescence, even with the use of greater slit
widths (15 nm). The presence of protein could only be demonstrated by the
formation of the ANS-BSA complex. Figure 4.4 represents the emission spectrum
obtained from a "washed" sandwich film, after immersion in a 100 1-1M ANS
solution for 1 minute. As explained before, the uniformity of these films was
estimated from 10 fluorescence readings. The coefficient of variation was still
poor ("' 40 % ).

109

Sol-gel thin films

Chapter 4
Experimental conditions:
Scan speed= 200 nm.min·1 ,

ANS cone. in buffer= 100 f.LM,

Excitation and emission slits = 15 nm,

Immersion time= 1 min,

Excitation wavelength = 285 nm,

Room temperature.

Tris buffer (0.05 M, pH 7.4),

Fl.lnt.
95
85
75

65
55

45
35
25

15

~

MO

~

~

~

~

~

a

a

m

~

Wavelength (nm)
Figure 4.4 Emission spectrum of a "washed" sandwich film.

Although no uniform sandwich films were produced, one important aspect about
this method was clarified. Once the protein was spread onto the sol-gel coated
. slide and stored for 24 hours in the fridge, one fraction of the albumin molecules .
diffused through the lower sol-gel layer, while another fraction remained
physically adsorbed onto it. This situation, depicted in Figure 4.5b, created two
discrete populations of entrapped BSA with different accessibilities and
functionalities. When overcoating the protein layer with a top sol-gel film, it is
likely that (1) a certain amount of adsorbed BSA was thrown off with the excess
sol-gel solution, and (2) some of the remaining adsorbed protein molecules
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became solubilised by the top sol-gel layer and diffused towards the upper film/air
interface in the time prior to gelation. The latter process would then have
generated another distinct population of trapped BSA (see Figure 4.5d). The
different emission

maxima (ranging

from 346 to

353 nm) found

when

investigating the sandwich film uniformity would support this argument. Moreover,
a study95 , carried out on the encapsulation of antifluorescein antibody between
two sol-gel layers in a similar sandwich configuration, also demonstrated the
existence of several subpopulations of entrapped antibody with varying
accessibility and affinity.
Protein molecules

pp~p\)qp?_'H'q'

'l'_q 9P~'lPq '11
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Bottom sol-gel film

Cl PI'

I'CI P qp Cl P
Cll
q'-l~qq

Glass substrate
(a)

(b)

j
Upper sol-gel film
pq

(d)

_qp

'll

(c)

Figure 4.5 Existence of different protein populations in the sol-gel derived sandwich
films.
The ability to produce films with good repeatability and reproducibility is a
prerequisite for any viable sensing application. The sandwich film method could
clearly not meet this requirement. Therefore, another sol-gel thin film method was
investigated. In this case, the protein was incorporated into the sol mixture prior
to film casting.
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4.3

SINGLE LAYER FILMS
4.3.1

Film preparation

Protein-doped thin films were synthesised, using a similar procedure to the one
described by Dave and co-workers73 • The films were prepared from a lowviscosity sol containing the protein dopant (albumin), and deposited onto glass
slides by a spin-coating technique (2800 - 3000 rpm for 30 seconds). Prior to film
deposition, glass slides were cleaned with dilute nitric acid, then thoroughly
rinsed with de-ionised water. The slides were wetted with isopropyl alcohol prior
to initial film casting. A homogeneous sol solution was prepared by sonicating
15.22 g of TMOS, 3.38 g of de-ionised water and 0.22 g of 0.04 M HCI for 30 min
in an ice bath. The freshly prepared sol, MeOH and a buffered solution of BSA
(500 f!M, 0.01 M sodium phosphate, pH 6.0) were kept in an ice bath before
mixing. The mixture from which the thin films were deposited was then obtained
by combining 2 ml of the sol with 1.6 ml of MeOH and 0.5 ml of a (4:1 vol:vol)
buffered BSA:1.0 M HCI mixture.

4.3.2

Results and discussion

As suggested in the literature 164 , the thickness of the single layer films was
believed to be less than 1 f.lm, although no attempt was made to confirm this
figure. The encapsulated protein fluorescence produced in such a short optical
path was too small to be detected by the LS50 B fluorimeter. The films had
therefore to be immersed in an ANS solution prior to fluorescence monitoring.
The peak enhancement at 461 nm (see Figure 4.6), characteristic of the noncovalent ANS-BSA binding, proved the presence of trapped BSA in the films. The
uniformity of six films was estimated from 8 fluorescence readings. Half of them
reported a CV of 11 - 15 %, but for the other half the CV was approaching 30 %.

Experimental conditions:
Scan speed = 200 nm.min·',

ANS cone. in buffer= 100 f!M,

Excitation and emission slits= 15 nm,

Immersion time = 3 min,

Excitation wavelength = 285 nm,

Room temperature.

Tris buffer (0.05 M, pH 7.4),
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Fl.lnt.
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Figure 4.1 ANS-BSA complexation within a BSA doped single layer sol-gel film.

The preparation protocol followed to produce the BSA doped films was originally
devised for the encapsulation of protein cytochrome

c

in thin single layers

deposited on glass slides by the dip-coating technique. In order to obtain highquality films that were homogeneous, optically transparent and crack-free, Dave
and co-workers 73 prepared different sol-gel mixtures with varying fractions of
TMOS, MeOH and buffer (0.1 M acetate, pH 4.25). They were then able to
determine a stability region for cytochrome

c with respect to these variables. With

the intention of adjusting their preparation protocol to BSA and spin-coating, three
sol-gel mixtures were prepared with increasing amount of TMOS, while the water
and acid contents were kept constant. The results are listed in Table 4.1.

Experimental conditions:
Scan speed = 200 nm.min·l,

Tris buffer (0.05 M, pH 7.4),

Excitation and emission slits= 15 nm,

ANS cone. in buffer= 100 11M,

Excitation wavelength = 285 nm,

Immersion time = 3 min,

Emission wavelength = 461 nm,

Room temperature.
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Table 4.2 Film uniformity and effect of TMOS content on fluorescence signal.
TMOS I H2 0 I HCI

t

1.431110.07 t

2.8611 I 0.07 t

4.3511 I 0.07 t

278

182

290

120

62

110

280

211

381

133

68

187

266

113

383

165

71

117

299

192

349

148

97

81

311

206

341

130

74

139

303

210

318

153

109

171

210

127

332

117

139

105

202

104

403

123

101

90

Mean

269

168

350

136

90

125

CV(%)

15

27

11

13

29

30

Volumetric ratios

For each sol-gel mixture, the fluorescence response of two BSA doped films (8
readings per film for uniformity assessment) was monitored. The results varying
too much from one film to the other, it was impossible to identify the effect of
TMOS content in the sol-gel mixture on the film response.
Along the same lines, Allain and co-workers 61 found that the ratios of TMOS,
methanol and water had an important influence on the viscosity and physical
properties of the final sol-gel mixtures. A low content of TMOS produced a sol-gel
of low viscosity. Consequently, the films were very thin and the amount of dopant
confined to a short optical path was too small to produce a significant
spectroscopic response. On the other hand, when the content of TMOS was
large, the sol-gel mixture produced a more viscous solution. Thicker films were
thus cast, showing a large but slower spectroscopic response. The quality and
performance of sensor films can therefore be significantly improved by carefully
selecting the ratios of alkoxide precursor, alcohol and water.

At this stage of the project, only six films had been prepared using this
microencapsulation method. More results are obviously needed before any kind
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of conclusion can be formulated. However, some of these figures suggested that
more uniform films could be produced using this second sol-gel thin film method,
when compared with the sandwich technique.

4.4

RHODAMINE-DOPED FILMS

A dopant molecule can be used to deliberately impart specific optical properties
to the sol-gel material. One use of these properties was to monitor the molecular
dopant distribution throughout the sol-gel glasses in order to obtain insight into
the heterogeneous character of single layer films. Due to its well-known
spectroscopic characteristics165•166•167•168•169 , in solution as well as encapsulated in
sol-gels, rhodamine B (RhB) was the fluorescent probe chosen to perform this
study.

4.4.1

Film preparation

RhB-doped thin films were prepared according to a reported protocol 170•171 , with
slight modifications. TMOS, 0.1 M HCI and EtOH were mixed together in a
volumetric ratio of 2:1 :4 and sonicated in an ice bath for 30 minutes. A sol-gel
solution containing the dopant was obtained by mixing equal volumes of the stock
sol solution (vide supra) with a 4 mM aqueous RhB solution. This final mixture
was used either fresh or 3, 4 and 7 days later.

Films were prepared by spin casting. Glass slides were first soaked overnight in a
50/50 (vol/vol) HNO;JIHCI mixture, then rinsed with copious amounts of deionised
water, and finally dried in an oven. Sol-gel film deposition was carried out in a
simple two-step process. First a clean glass slide was wetted with iso-propanol
for 30 seconds on the spin-coating apparatus. The spinning was then stopped,
200 f!L of RhB-doped sol-gel was pipetted onto the substrata, and the spinning
was continued for an additional 40 seconds (2800 - 3000 rpm). Following this
step, the coated slides were placed in Petri dishes and allowed to dry for 3 to 20
days.
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4.4.2

Results and discussion

4.4.2.1

Film uniformity

The uniformity of each film was investigated by measuring fluorescence in 10
different regions on the sol-gel-coated substrates. The results, summarised in
Table 4.3, revealed a variation of 5 - 7 % throughout the single layer films. These
CVs were half that of the best CV found for the BSA doped films.

Experimental conditions:
Scan speed = 200 nm.min"1,

Excitation wavelength = 530 nm,

Excitation and emission slits = 15 nm,

Room temperature.

Table 4.3 Examination of rhodamine-doped film uniformity.
Fluorescence intensity at 580 nm
Film 1

Film 2

Film 3

170

227

179

161

202

175

172

203

156

180

224

166

176

229

183

165

226

162

180

223

167

191

253

161

184

239

182

182

226

177

Mean

176

225

171

CV(%)

5

7

6

Narang and eo-workers 172 carried out dynamic anisotropy experiments for
determining the microviscosity about a fluorescent centre,

rhodamine 6G

embedded in TMOS-derived sol-gels. They showed that, at all stages of the solgel cycle, the probe simultaneously sensed two discrete domains with different
micoviscosities. These changes in viscosity and subsequent variable gel
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morphology could affect the dye molecule distribution throughout the silica matrix,
and thus account for the heterogeneity observed in the films.

For spin-coating methods, the gel film formation is a result of solvent evaporation
from a liquid layer. Gelation occurs very rapidly because the high speed of airflow
on top of the liquid layer increases the evaporation rate. Min Du

et a/. 173 reported

that the conventional sol-gel spin coating technique tends to lead to thickness
nonuniformity of two different kinds. One is a slow radial variation in film
thickness, probably due to the shear-thinning character of the sol. The other is a
faster, circumferential, periodic variation of thickness, which has the appearance
of striations. The occurrence of striations is not yet understood. It may be due to
inhomogeneities (e.g., related to viscosity fluctuations) in the sol solution used for
spin coating, or may arise from the spinning process itself. By keeping an
atmosphere saturated with ethanol vapour over the rotating substrata, Min Du's
group managed to eliminate the striations in sol-gel films. The resulting lower
solution viscosity during spinning drastically slowed the evaporation rate,
delaying the onset of gelation and increasing the homogeneity of the deposited
layer. This finding is in agreement with that of Bullwinkel

et a/. 174 , who observed

that film planarisation was improved by spin coating in a partially solventsaturated atmosphere.
As exemplified above, the thickness of sol-gel films produced by centrifugal
spinning on rotating substrates depends on a variety of factors, such as spin
speed, sol viscosity and solvent evaporation rate 175 . Another factor can also be
considered: the wettability of the substrata surface. Gomes and eo-workers

176

reported that the substrata wettability depends on the ionisation of the surface
functional groups. They also claimed that thicker films could be produced on
highly wettable substrates, as a result of the decrease of the liquid outflow due to
a strong substrata surface/liquid interaction.

The main difference existing between the two methods used for examining film
uniformity in BSA- and RhB-doped single layers came from the fact that, in the
former case, extrinsic fluorescence was monitored after analyte-dopant binding,
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hence after film immersion in the analyte solution. In the latter case, no
immersion was required since an intrinsic fluorescence emitted directly from the
dopant was measured. lt could therefore be concluded that a very small
proportion of the nonuniformity encountered throughout sol-gel single layers was
due to either one of the reported factors discussed above (i.e. existence of
different microdomains, spin coating, thickness variation ... ) or the combination of
several of these factors. The higher degree of heterogeneity found in BSA-doped
films could consequently be attributed to the analyte-dopant interaction and/or the
immersion procedure (although leaching of dopant molecules from the silicate
matrix has been routinely observed in the literature 177 , it is unlikely with
macromolecules like BSA).
4.4.2.2

Ageing of the silica sol prior to film coating

Film solutions can be aged prior to coating.

During this ageing and

prepolymerisation stage, hydrolysis and condensation reactions continue and this
results in an increase in viscosity 1• RhB-doped sol-gel solutions were prepared
as described in section 4.4.1 and allowed to age for 3, 4 or 7 days prior to spincoating. The fluorescence response of the resulting films (3 to 4 films per aged
sol-gel mixture) was monitored after 3 or 20 days of storage/drying and compared
to the emission signal of 7 films produced from freshly prepared sol-gel mixtures.
Experimental conditions:
Scan speed = 200 nm.min'1 ,

Emission wavelength = 580 nm,

Excitation and emission slits= 15 nm,

Room temperature.

Excitation wavelength = 530 nm,

The results, summarised in Table 4.4, highlighted two points. First, the
repeatability between films could be assessed and a CV, varying from 7 to 27
was calculated (3 ~ n ~ 7). Such a wide range of CVs could reflect the random
character of the factor or factors responsible for the poor repeatability. Knowing
that the quality of the sol-gel coatings depends on the sophistication level of the
spin coater used, it is possible that the films produced with our simple homemade apparatus had different thicknesses. Three main variables could account
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for the thickness fluctuation, i.e. imprecise speed selection, non constant rotation
speed and inaccurate manual timing. Changes in ambient temperature and
pressure could also contribute to the variable repeatability.

Table 4.4 Effect of the age of doped sol-gel mixture and film storage time on
fluorescence signal.
Age of RhB-doped sol-gel mixture

Od

4d

3d

7d

3d

20d

3d

20 d

3d

20d

3d

20 d

84

83

157

185

244

293

217

229

93

92

188

200

185

173

159

161

84

83

175

213

182

217

143

148

99

109

167

174

99

104

108

110

109

132

Mean

97

102

173

199

204

228

172

178

CV(%)

11

17

9

7

17

27

19

20

Film age

Second, the fluorescence intensity increased with increasing ageing of the sol-gel
starting solutions up to 4 days and then slightly decreased with further ageing
(see Figure 4.7). This tendency was observed for both sets of 3 and 20 days old
films.

The increase of fluorescence intensity with prolonged ageing of the silica sols
could be attributed to an increase in film thickness (as a consequence of
increased sol viscosity). The slightly greater signal obtained with older films could
result from the densification of dopant concentration in the optical path due to film
shrinkage during the drying/storage period. This would indicate that, like in sol-gel
monoliths, the film microstructure is continuously evolving after gelation occurred,
which is in agreement with other reports

51 55
• •

119

Sol-gel thin films

Chapter4

230

.

190

~
c

J!!

.5

g"

150

~

- - 3 days old films

0

:I

u::

-11-20 days old films

110

70+---~-----.----.-----.----,-----,----,

0

1

2

3

4

5

6

7

Age of doped sol.gel m lxture (days)

Figure 4.1 Effect of the age of doped sol-gel mixture and film storage time on
fluorescence signal.

Ageing of the sol-gel starting solution prior to film deposition has previously been
exploited for other purposes than the tailoring of film thickness. For example, a
study on pyrene-doped films 55 , prepared from silica sols that were hydrolysed for
either 1 or 5 days prior to film casting, showed that the average bimolecular
quenching constant increased with increasing hydrolysis time. This led to an
improved analytical response for the sol-gel sensing platforms produced from the
5 day-hydrolysed sols. In a review on sol-gel thin film formation 175, it was reported
that the film porosity could be controlled by the size of the fractal species prior to
film deposition. The % porosity was found to increase as the ageing time
employed to grow the fractal species prior to coating was prolonged.

4.5

CONCLUSION

Sol-gel thin films are certainly preferred to bulk monoliths for sensing applications
due to the inherently fast response times that result from the short diffusion path
length. However, since reducing the dimensions of the biorecognition element
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phase usually equates to a reduction in optical path length, the need for rapid
response must be balanced against sensitivity requirements. Such a compromise
has successfully been circumvented by coating a thin sol-gel layer over a planar
integrated optical waveguide (IOW)71 ·178• The planar waveguide sensing device
consisted of three major components: a waveguiding layer, a pair of integral
diffraction gratings and a transducing layer (see Figure 4.8). Dissolved analytes
that diffused to and reacted with the dopant immobilised in the porous sol-gel
layer were detected via attenuated total reflection of the light propagating in the
IOW. This design featured both a large optical path length (25 mm) and fast
response (7 s), since the major axes of light propagation and analyte diffusion
were perpendicular.

ll1l

ILll

/J

~
Immobilised
element

Quartz substrate

Incident light

Outcoupled light

Figure 4.8 Diagram of a sol-gel planar waveguide sensor.
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5.1

Sol-gel biosensing of hydrogen peroxide

INTRODUCTION
5.1.1

Why detect hydrogen peroxide?

The importance of hydrogen peroxide as an analyte is dominated by clinical
applications179·180. Hydrogen peroxide is produced in stoichiometric amounts
during the oxidation of substrates of medical interest (e.g., glucose10·181 ) by
dissolved oxygen in the presence of the corresponding oxidase enzyme.

Recently,

H20 2

determination

has

shown

increasing

importance

in

pharmaceutical and dairy industries, where it is employed as an anti-bacterial
agent and for sterilisation, respectively.
H202 is also an analyte of environmental interest20·182·183 for its role in the
oxidation of dissolved S02 to give H2S04. Atmospheric acidity is of great concern
especially since seasonal H20 2 peaks records showed micromolar concentration
levels in the Greenland ice core. Elevated H202 levels in rain have also been
implicated in forest decline. Detection of submicromolar concentrations of H20 2 is
necessary when analysing photochemical smog. Reactive oxygen intermediates
may be generated in the lungs during various pathological processes. These
intermediates as well as hydrogen peroxide are toxic to mammalian cells through
their oxidising effects on proteins, membranes and DNA. In recent years, the use
of hydrogen peroxide for the treatment of both drinking-water184 and wastewater
has increased, since it is often added as an oxidant or utilised for the control of
surplus chlorine contents or for the removal of residual ozone contents in
processed waters. H202 may also be produced during ozonation of drinking water
or by application of the ozone/UV process.

These, of course, are just a few examples illustrating the extent of H20 2 presence
in various medical, industrial or environmental samples, which may often have to
comply with strict regulations and hence low limits of tolerance. Therefore, in
order to control or monitor low concentrations of H202, it is necessary to have
available sensitive analytical methods.
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Detection methods for hydrogen peroxide

Various analytical methods have been established in order to determine
hydrogen
peroxide. These include electrochemical 185·186·187·188·189·190·191,
chemiluminescence 192·193·194·195,
204 205 206
fluorescence 200·201 ·202·203· · ·

photometric196·197·198·199

absorption
techniques.

A

large

number

and
of

chemiluminescent reactions, in aqueous or mixed aqueous systems, involve
H20 2 as a reactant; reactions with luminol 207·208·209·210 , lucigenin, formaldehyde
acid, peroxyoxalate esters, etc., may be cited as examples. Fluorogenic
reactions, on the other hand, typically involve the peroxidase enzyme-mediated
oxidation of a hydrogen donor substrate by H20 2:
2RH + H202

peroxidase

R-R + 2 H20

where RH is a non-fluorescent substrate and R-R is the fluorescent product.

Horseradish peroxidase is one of the most commonly used enzymes in H20 2
detection. The usefulness of enzyme based methods depend largely on the
properties of the substrate because it is the product formed from the substrate
that provides the detectable signal from which information on each component
involved in the enzyme-catalysed reaction is obtained. The three most common
types of substrates quoted in the literature are chromogenic, chemiluminogenic
and fluorogenic, but, when high sensitivity is required, chemiluminogenic and
fluorogenic substrates are usually preferred.

5.1.3

Enzymes

Enzymes are biological catalysts. They increase the rate of chemical reactions
taking place within living cells without being consumed in the process. The
reactants of enzyme-catalysed reactions are termed substrates and each enzyme
is quite specific in character, acting on a particular substrate (or substrates) to
form a particular product (or products). All enzymes are proteins. However,
without the presence of a non-protein component called a cofactor, many enzyme
proteins lack catalytic activity. The cofactor may be an organic molecule (for
example, NADH) or a metal ion.
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The 3-dimensional structure of an enzyme is formed by the relatively complex
and highly precise folding of a single polypeptide chain (typical molecular weight
of 13- 50 kDa). Within this structure there is a small portion, typically defined by
a group of 5 to 10 amino acids spatially arranged in a specific relative
conformation, which interacts with the substrata (8) of the enzyme (E) during E-8
transition complexation. This region of the enzyme molecule is known as the
active site (or catalytic site).
The active site of many enzymes is located in the interior of the protein structure
to promote specificity towards the substrata, and to reduce non-specific
interactions and access to inhibitor molecules. When a cofactor is required to
achieve maximum efficiency in the enzymatic catalysis, enzymes may possess
one or more additional active areas for cofactor binding. The active site of an
enzyme is designed by evolution to facilitate chemical transformation of the
substrata by promoting redistribution of electron density within the substrata
molecule through the formation of ionic or hydrogen bonding interactions.
Hydrophobic forces are also believed to play a role in E-8 complexation.

5.2

HEMIN
5.2.1

Alternative catalyst to peroxidase

While the use of HRP endows the fluorimetric determination of peroxides with
high specificity for H2 0z, it has its shortcomings. Like most enzymes, it is
expensive and its solution is not very stable because of deactivation. lt seemed
therefore appropriate to seek alternatives to HRP. 8aito and co-workers 211 •212
synthesised

Mn(III)-tetrakis(sulfophenyl)porphine.

Immobilised

on

anion

exchange resins through the negatively charged sulfonate groups, the metal
complex mimicked the behaviour of immobilised HRP. Ci and Wang 213 •214 studied
tetrakis(N-methylpyridinium)porphine complexes of Mn, Co, Fe, Ni, Cu and Zn,
and found the first three to exhibit peroxidatic activity. The best of all, the Mn(III)
complex, provided 84 % (molar ratio) of the HRP activity. This study was then
pursued further: hemin and various porphyrin derivatives complexed with different
metal ions were compared with HRP for the catalytic oxidation of homovanillic
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acid with hydrogen peroxide 205 . They concluded that the metalloporphyrin
complexes of Mn, Fe, Co, Rh and Pt catalysed the formation of a fluorescent
product, while the complexes of Ni, Cu, Zn, Ag, Sn and Pd did not. Hematin203
has also been

reported as a peroxidase substitute in the fluorimetric

determination of H20 2. Amongst the many reports on the mimesis of peroxidase,
one iron-porphyrin complex in particular has been widely used and shown very
efficient compared with natural HRP, i.e. hemin2o2,206,215,216,217,218,219,22s (see
Figure 5.1 ). However, Liu et a/. 220 claimed that, as replacements for peroxidase,
simple natural or synthesised metalloporphyrins do not show satisfactory activity
and selectivity because they lack the spatial structure of the natural enzyme that
is essential for the special inclusion behaviour between the enzyme and the
substrata.

They

synthesised

a

~-cyclodextrin-hemin

catalyst

for

the

spectrofluorimetric determination of H202 and showed that the special inclusion
properties of

~-cyclodextrin

combined with NH3 enhanced the peroxidative activity

of the natural iron-porphyrin.

H3C

co,H

co,H

Figure 5.1 Molecular structure of hemin.

Since hemin has been extensively studied and is very cheap to buy, it was
selected as a replacement for HRP in the determination of hydrogen peroxide. A
hem in stock solution was prepared by dissolving 65.9 mg of hemin in 10 mL of

0.1 M NaOH. This solution was then diluted to the required concentration with the
appropriate buffer. Under the same reaction conditions, hem in was shown almost
as efficient as HRP: the hemin-catalysed oxidation of homovanillic acid (HVA)
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produced a fluorescent signal only 10% smaller than the one obtained by HRPcatalysation.
CH 2COOH

~coo:
2

CH 2COOH

Peroxidase

+

~OMe

MeO

OMe
OH

OH

2 H 20

OH
(11)

(I)

Figure 5.2 H20 2 oxidation scheme of HVA.
First proposed by Guilbault and co-workers228 , the oxidation reaction scheme with
HVA (4-hydroxy-3-methoxyphenylacetic acid) as the peroxidase substrata is
illustrated in Figure 5.2. Hydrogen peroxide oxidises the non-fluorescent
substrata (compound I) in the presence of peroxidase (or peroxidase-like
mimesis),

generating

the

fluorescent

species

2,2'-dihydroxy-3,3'-

dimethoxybiphenyl-5,5'-diacetic acid (compound II). This oxidation product is
highly fluorescent and its fluorescence intensity is directly proportional to the
concentration of H202.

5.2.2

Fluorogenic substrates

For the determination of H202, many fluorogenic substrates 201 ·221 ·222·223 have
been reported. H202 can be detected by measuring either an increase or
decrease in the substrata fluorescence upon oxidation. Scopoletin 22\ one of the
first used fluorogenic substrates225 , is a naturally occurring fluorescent
compound, which upon oxidation generates a non-fluorescent product. Other
substrates, like resorufin, have been used in fluorescence quenching assays to
detect H20 2. However, the determination of hydrogen peroxide using this inverse
fluorescence

measurement

has

intrinsic

limitations.

Above

a

certain

concentration, the optical density of the solution results in an inner filter effect that
reduces the apparent fluorescence of the solution and in nonlinearity of the
response. Consequently, when an optimally high concentration of substrata is
used, it is not practical to determine a small fraction of oxidation over the high
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background of the unconsumed substrate nor to accurately measure the
fluorescence in the sample due to self-quenching by the substrate.

Table 5.1 Molecular structure and fluorescence characteristics of HVA, p-HPA and pHPPA oxidation products.
Oxidation product
Molecular structure

Substrata

COOH

COOH

MeO

MeO

OH
HVA

OH

OH

p-H PPA

318

406

320

406

OH

COOH

COOH

OH

6,6'-dihydroxy-[1, 1'-biphenyl]-3,3'diacetic acid

COOH

OH

420

6,6'-dihydroxy-5,5'-dimethoxy-[1, 1'biphenyl]-3,3'-diacetic acid

OH

p-HPA

317
OMe

COOH

t

COOH

COOH

OH

COOH

OH

6,6'-dihydroxy-[1, 1'-biphenyl]-3,3'dipropionic acid

Values previously reported in the literature206 .
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Preferred for all fluorimetric assays is a substrate that is optically transparent and
essentially non-fluorescent at the excitation wavelength selected to monitor the
fluorescence production. With such a substrate, a very small fraction of substrate
oxidisation can result in a significant fluorescence increase from a nearly zero
background level. Among such substrates, the most extensively studied are phydroxyphenylacetic
acid 200·219·226·227·228·229
(p-HPA),
homovanillic
acid·226,229,230,231, p-hydroxyphenylpropionic acid204,219,229,232,233 (p-H PPA) and
tyramine226 ·234 . When choosing a substrate, a few criteria, such as a high
fluorescence intensity of the oxidation product and a low blank fluorescence,
should be regarded as important. The solubility and stability in solution should
also be considered.

Three fluorogenic substrates were selected amongst the most extensively studied
ones, i.e. HVA, p-HPA and p-HPPA. Their respective oxidation products, shown
in Table 5.1, have already been well documented in the literature.

5.2.3

Buffer system

For analytical applications there are two pH values that would affect the final
sensitivity of any enzyme system. One is the optimal pH for the enzymatic
reaction and another is the most effective pH yielding the greatest fluorescence
intensity of the product. Previous reports 206·217 showed that hemin optimum
reaction occurs in strongly alkaline solution with a pH near 11 and that the
fluorescent products from HVA, p-HPA and p-HPPA substrates have maximum
intensities at a pH above 10. Thus, the same pH could be selected for both the
enzymatic oxidation process and the fluorescence measurement. Amongst the
different buffer systems adopted to control the pH, NH4CI-NH 3 was reported to be
a very suitable buffer for the studied substrates. This is due to the enhancement
effect of ammonia-based buffers on the peroxidatic activity of hemin, which has
206 216 217 220
already been exploited in many studies · · · .

The three selected substrates were compared in solution with hemin as the
catalyst, under the following experimental conditions.
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Experimental conditions:
Scan speed = 200 nm.min-1,

Hemin concentration = 0.66 11M.

Excitation and emission slits = 5 nm,

NH4CI-NH3 buffer pH 10.2,

Substrate concentration = 3.33 11M,

Incubation time= 2 min.

H202 concentration = 0.588 11M,

Room temperature.
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Figure 5.3 Excitation (A) and emission (B) spectra of the hemin-catalysed oxidation of
HVA (1), p-HPPA (2) and p-HPA (3).

The results obtained from the fluorescence excitation and emission spectra of
each substrate system (see Figure 5.3) are summarised in Table 5.2.

Table 5.2 Spectroscopic comparison between HVA, p-HPA and p-H PPA.
Substrate

MaxA.x

MaxA.m

Fl.int at max A.em

p-HPA

318 nm

407nm

180

p-HPPA

318 nm

407 nm

230

HVA

316 nm

421 nm

300
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As HVA produced a greater fluorescence intensity than the other two substrates,
p-HPA and p-HPPA were not investigated further.

5.2.4

Reaction temperature

The dependence of the hemin catalysis on reaction temperature has been
previously studied 202•216 • Temperatures ranging from 20 to 50°C did not affect the
fluorescence measurements. Room temperature was therefore recommended.

5.2.5

Hemin concentration

In order to examine the effect of hemin concentration on the oxidation of HVA,

100 J.lL of substrate (100 J.lM HVA), 100 J.lL of HzOz (17.64 J.lM) and a variable
volume of hemin solution (25 J.lM) were mixed together and made up to 3 mL with
NH4CI-NH 3 buffer pH 10.2.

Experimental conditions:
Scan speed = 200 nm.min·1,

Emission wavelength = 422 nm,

Excitation and emission slits = 5 nm,

Incubation time = 4 min,

Excitation wavelength= 316 nm,

Room temperature.
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Figure 5.4 Dependence of HVA oxidation on the concentration of hemin.
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The concentration of hemin is an important experimental parameter because, as
with all other peroxidatic catalysts, hemin exhibits both peroxidatic and catalase
activity. Thus, if there is too much hemin in the system, it can catalyse not only
the oxidation of the substrate but also the decomposition of hydrogen peroxide.
Hence, if the catalyst concentration is too low, the desired reaction does not
reach completion within a finite time. On the other hand, if the catalyst
concentration is too high, some signal loss is observed owing to the catalase-like
action of hemin 220 . The results, obtained in Figure 5.4, showed that very low
concentrations (around 1 f.! M) of hemin were needed for optimum performance.

5.2.6

Hemin reaction time

In order to examine the effect of hemin reaction time on the oxidation of HVA, the
substrate (100 J.!M HVA), H202 (17.64 J.tM), hemin (25 J.!M) and buffer (NH4CI-NH3
pH 10.2) solutions were mixed in a volumetric ratio of 0.1/0.1/0.1/2. 7 and left to
react in different times, varying from 1 to 9 minutes.

Experimental conditions:
Scan speed = 200 nm.min·l,

Emission wavelength = 422 nm,

Excitation and emission slits = 5 nm,

Room temperature.

Excitation wavelength= 316 nm,

320
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Figure 5.5 Kinetic profile for the rate of fluorescence development in the
HVAIH202/hemin system.
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As illustrated in Figure 5.5, the fluorescence signal emitted at 422 nm was
maximal and approximated to constant when the reaction time exceeded 5
minutes. An incubation time of 5 minutes was thus chosen for subsequent
experiments.

5.2.7

Hemin doped sol-gels

Two different procedures were utilised to prepare hemin-doped silica monoliths.
The first one was the same as described in section 2.4.1. The dopant solution
was a 50

~M

hemin solution in phosphate buffer (0.01 M, pH 6). The final sol-gel

mixture was transferred to polystyrene semi-micro cuvettes (5 x 10 x 40 mm),
and after ageing and drying, the gels measured on average 3 x 7 x 25 mm.

In the second procedure, it was attempted to encapsulate hemin in an alkaline
sol-gel medium, near its optimum reaction pH. The sol solution had the same
composition as the one in section 2.4.1. The dopant solution was a 50 ~M hemin
solution in NH 4CI-NH 3 buffer pH 10.2. When the ammonium buffer and the hemin
solution were added to the silica sol, gelation occurred before one could pour the
sol-gel mixture into the moulds. This sol-gel method being unsatisfactory, all
hemin-doped gels used in subsequent experiments were prepared according to
the first procedure.

5.2.8

Oxidation of HVA catalysed by immobilised hemin

Hemin doped sol-gels were dipped into a mixture of HVA and H20 2 and the
fluorescence emission of the oxidation product was monitored over time, under
the following conditions.

Experimental conditions:
Scan speed = 200 nm.min'

1

,

Hemin concentration = 10

Excitation wavelength= 316 nm,

NH4CI-NH3 buffer pH 10.2,

HVA concentration= 0.33 mM,

Room temperature.

~M.

H202 concentration = 0.058 mM,
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After 10 minutes of immersion, the emission spectra showed a significant
increase in fluorescence intensity at 421 nm, indicating that the hemin sol-gel
system was functioning.

5.2.9

Auto-oxidation problem with HVA

HVA produces a background fluorescence at 421 nm due to spontaneous
oxidation. The stability of two HVA solutions (one at a concentration of 0.34 mM
and the other at a concentration of 20 mM, which was diluted to 0.34 mM just
prior to fluorescence measurement) at room temperature was tested in buffer by
monitoring the change in fluorescence for a period of up to 24 hours.
Experimental conditions:
Scan speed

=200 nm.min'1,

Excitation and emission slits

Emission wavelength

=5 nm,

=421 nm,

NH4CI-NH3 buffer pH 10.2,

Excitation wavelength = 316 nm,

Room temperature.

1000

800
CD
0

c

CD
0
Ill
CD

.

600
--20mM HVA

0

:I

""
CD

400

0::

200

~
Ill
a;

0

--0.34 mM HVA

+----.----,---~----,---.----.

0

0.5

1

1.5

2

2.5

3

Time (hours)

Figure 5.6 HVA self-oxidation in the absence of H202 and catalyst.
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The results, depicted in Figure 5.6, showed that the more diluted the substrata
solution, the greater the self-oxidation, even in the absence of H20 2 and catalyst.
Within 3 hours of preparation, the background fluorescence had increased by
almost 3 and 14 fold for the dilute and concentrated HVA solutions, respectively
(see Table 5.3).

Table 5.3 Increase of background fluorescence with time due to HVA self-oxidation.
Fluorescence increase
Time (hours)

20mM HVA

0.34mM HVA

0.5

0.3

1.8

1

0.8

4.2

2

1.7

8.6

3

2.9

13.9

24

5.3

51.6

Following these observations, a doubt was cast on the oxidation of HVA obtained
in the sol-gel system. Was the fluorescence signal (monitored at 421 nm) due to
the catalytic action of hemin or simply the result of self-oxidised substrata
diffusing through the sol-gel pores? In the sol-gel experiments, the HVA solutions
were prepared at a concentration of 0.33 mM and utilised throughout the day. In
these conditions, HVA self-oxidation, which had probably started prior to
immersing the hemin-doped sol-gels in the reaction mixture, contributed partly
towards the fluorescence emission observed at 421 nm. The extent of
spontaneous oxidation of HVA in sol-gels could be determined by carrying out the
reaction simultaneously in a blank and in a hemin-doped sol-gel. Unfortunately,
no blank sol-gels were prepared and ready to use at the time of this investigation.
The issue was thus left unsettled.

5.3

HORSE RADISH PEROXIDASE
5.3.1

Enzymatic activity

The mechanism of the bioelectrocatalytic reaction between hydrogen peroxide
and HRP has been widely studied 185•235·237 • HRP is a glycoprotein with molecular
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weight of approximate 44 000, containing ferroprotoporphyrin as the strongly
bound cofactor. it is classified as an oxidoreductase, i.e. it catalyses the oxidation
of a variety of organic and inorganic compounds at the expense of H20 2 or
related small organic hydroperoxides. Its extensive use in sensitive detection of
peroxides is due partly to its good stability236 characteristics, but mostly to its
extremely high activity for H202, i.e. up to 600 units per mg protein solid, of which
one molecule efficiently converts about 25 000 H20 2 molecules to H20 per
minute. Li 225 compared HRP catalytic effectiveness with that of hemin and
reported a molar ratio of HRP to hemin of 250:1. When expressed in unit weight,
the activity ratio of HRP to hemin was 4:1.
The enzymatic reaction of HRP takes place in three steps237·238·239. First, the
enzyme reduces Hz02 under formation of an oxidised enzyme intermediate
(HRP-1, see reaction 1). The oxidised form of the enzyme is reduced back to the
native form in two steps. In each step, one organic substance (AH 2) is oxidised
(see reactions 2 and 3).
HRP(Fe3•) + H202 ~ HRP-1 + H20
HRP-1 + AH2 ~ HRP-2 + AH'
HRP-2 + AHz ~ HRP(Fe3•) + AH' + H20

(1)
(2)
(3)

The free radicals (AH') formed during the reaction are in different ways
transferred into non-radical products (see reactions 4,5 and 6).
AH' + AH' ~ HA-AH

(4)

AH' + AH' ~ A + AH2

(5)
(6)

AH' + ......

5.3.2

~

AH-polymers

Phenolic substrates

The final. sensitivity of any analytical system is affected by the pH, which has to
be optimum for the enzyme catalysed reaction and give the greatest fluorescence
intensity of the product. The optimum pH of the HRP catalytic reaction is about 6,
while the maximum fluorescence measurement pH for the commonly used psubstituted phenolic substrates (HVA, p-HPA, p-HPPA, etc.) is above 10. In this
case, adjustment of the pH after the oxidation reaction is required. Many research
groups encountered this problem of pH mismatch and observed that the
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alkalinisation of the neutral solution after enzyme catalysation could result in a
three- to five-fold increase in the product fluorescence. However, in the real-time
one-step methods, only one pH can be selected, making a compromise between
maximum reaction velocity and analytical sensitivity.
Li and co-workers233 found that cationic micelles cetyltrimethylammonium
bromide and cetyltrimethylammonium chloride could reduce the pH mismatch
and offer a way to further increase the single-step determination sensitivity in a pHPPA/H202/HRP system. The most important property of micelles is their ability
to solubilise, within their distinct structured regions, compounds that are insoluble
or sparingly soluble in water, allowing their location into or at the surface of the
aggregate. Moreover, ionic micelles can provide charged structures, where
attractive or repulsive interaction with ionic solute may be present. Li's group
proposed that the charge interactions between the basic oxidation product and
the micelle gave rise to the above effects. The interactions not only increased the
fluorescence by offering a non-aqueous environment to the basic product
molecules, but also accelerated the reaction rate by promoting the acidic
dissociation of the product.

Despite the possibility of improving pH compatibility between p-substituted
phenolic substrates and HRP, HVA major drawback was its spontaneous
oxidation, which could become significant as the incubation time increased 242 . lt
was therefore necessary to find another substrate, more stable than HVA and
whose optimum fluorescence pH was near neutral.

5.3.3

Amplex Red substrate

243
Amplex Red 240·241 ·242 · (10-acetyl-3,7-dihydroxyphenoxazine) was found to be a
highly sensitive fluorogenic substrate of HRP with selectivity to H20 2. Its oxidation
product exhibits a maximum emission at 584 nm when excited at 563 nm in Tris
buffer pH 8.

Hemin and Amplex Red were found to be incompatible in terms of pH. The rest of
the project focused therefore on developing HRP containing sol-gels that, with
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the aid of Amplex Red, can determine HzOz at ppm concentration levels and with
a short response time.

5.3.3.1

Stock and diluted solutions

A previous study240 reported that Amplex Red was soluble in DMSO up to

300 mM, and in 0.05 M Tris buffer up to 300 J.!M when prepared from a DMSO
stock solution. A stock solution of Amplex Red was prepared in DMSO (1 mg/ml
"' 3.887 mM) and was stored at -20°C for up to one month. Immediately before
use, the thawed stock solution was diluted in 0.05 M Tris buffer pH 8.

5.3.3.2
Zhou et a/.

240

Stability studies

evaluated the stability of Amplex Red both in DMSO and Tris

buffer. They found that, when kept at -20°C, the substrate in DMSO was stable
for more than 6 months, while in Tris buffer (10 J.!M) there was about 6-8%
spontaneous oxidation over 24 hours of incubation in the dark, in the absence of
either hydrogen peroxide or HRP.

The background fluorescence produced from Amplex Red spontaneous oxidation
was assessed. An HRP-doped sol-gel was dipped into a reaction mixture
containing the fluorescent dye and Hz02 and, at different time intervals, the
fluorescence emission (at 584 nm) was simultaneously monitored in the sol-gel
monolith and in the reaction mixture. Two reaction mixtures with different reagent
concentrations (first mixture§ being 4 times more concentrated than the second
one#) and various slit width settings were compared.

Experimental conditions:
Scan speed = 200 nm.min"1,

HRP cone. in sol-gel = 5 J.!M,

Excitation wavelength = 563 nm,

Gel composition: see section 2.4.1,

Emission wavelength = 584 nm,

Sol-gel ageing = 9 days,

0.05 M Tris buffer pH 8,

Sol-gel drying = 10 days,

Amplex Red cone. = 0.5" or 2§ f!M,

Temperature = 25°C.

HzOz cone. = 1.18" or 4.12§ f!M,
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Table 5.4 Examination of Amplex Red spontaneous oxidation.
Immersion time (mln)
Slits (nm)

Fl-Int. in

5

10

20

2.5/2.5

sGt

67

116

205

RM*§

0.0004 (0.00 %)

0.094 (Q_Q8 %)

0.14 (0-07 %)

···········------------------------------------------------------------------------------------------------·
5.0/5.o

sGt

5.0/5.0

8.0/8.0

t

396

778

4.0 (1.0 %)

5.4 (0.7 %)

5.8

30

105

0.20 (3.4%)

0.27 (0.9%)

0.37 (0.4 %)

23

98

321

2.0 (8.7 %)

2.9 (3.0 %)

3.9 (1.2 %)

HRP-doped sol-gel; *Reaction mixture (RM) of Amplex Red and H2 0 2 ;

§Concentrated RM; • Diluted RM;
(%) Background fluorescence% due to Amplex Red spontaneous oxidation.

The results, listed in Table 5.4, showed that the more dilute the reaction mixture
and the wider the slit settings, the higher the fluorescence background. However,
Amplex Red spontaneous oxidation proceeded at a much slower rate than the
HRP-catalysed reaction and contributed, at worst, to 1.2 % of the fluorescence
signal after 20 minutes immersion.

5.3.3.3

Spectral properties

Amplex Red is a colourless and non-fluorescent derivative of resorufin, which
generates a highly fluorescent product upon oxidation by hydrogen peroxide in
the presence of HRP. The oxidation product of Amplex Red exhibits a maximum
emission at 584 nm when excited at 563 nm in 0.05 M Tris buffer, pH 8. Zhou
and co-workers240 suggested that Amplex Red was transformed into resorufin (7hydroxy-3H-phenoxazine-3-one) upon oxidation as they found that both the
excitation and emission spectra of oxidised Amplex Red were indistinguishable
from those of resorufin and that the absorption coefficient of oxidised Amplex Red
was the same as that for resorufin, i.e. -54 000 cm- 1M" 1 • The oxidation of Amplex
Red into resorufin (see Figure 5.7) was later confirmed by other reports 242 •243 •
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r(YN~
HRP

Amplex Red
(non-fluorescent)

HO~O~O
Resorufin
(highly fluorescent)

Figure 5.7 Reaction scheme for the HRP catalysed H20 2 oxidation of Amplex Red.

5.3.3.4

Reaction stoichiometry

Zhou's research group240 studied the Amplex Red oxidation's stoichiometry by
varying the molar ratios of H202 to Amplex Red in different reaction mixtures,
whose absorption spectra and fluorescence intensities were recorded in
comparison with resorufin. They observed that if the concentration of hydrogen
peroxide was higher than that of Amplex Red in the reaction mixture, both the
absorption and fluorescence intensities decreased and nearly disappeared when
the ratio of H202 to Amp lex Red reached 2. They then concluded that the reaction
stoichiometry of H202 and Amp lex Red was 1: 1, that the fluorescence increase
truly indicated the concentration of H20 2 in the reaction mixture (provided that the
substrate concentration was higher than H20 2 concentration) and that the
oxidation product, resorufin, could be further oxidised into a non-fluorescent
complex polymer when the molar ratio of H202 to Amplex Red was greater than
one.

5.3.3.5

Sensitivity

The superior sensitivity of Amp lex Red results from the following properties:
•

Amplex Red is totally nonfluorescent, but upon oxidation becomes highly
fluorescent with an absorption coefficient of 54 000 cm' 1 M' 1 •

•

lt has an excellent photo- and chemical stability, which allows the reaction to
occur with a minimal background over a long period of time.

•

lt has a better sensitivity than HVA to HRP.

•

The oxidised product of Amplex Red has excitation and emission maxima at
563 and 584 nm, in comparison with those of HVA at 318 and 420 nm. These
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superior spectral properties are important for avoiding interference from
autofluorescence in assays involving biological samples.

5.3.4

HRP concentration and reaction time

In order to examine the effect of HRP concentration and reaction time on the
oxidation of Amplex Red, 50 !JL of Amplex Red (60 J.LM), 100 J.ll of H2 0 2
(17.64 J.LM) and HRP solution, whose final concentration was varied from 0.05 to
1 !JM, were mixed together and made up to 3 mL with Tris buffer pH 8.

Experimental conditions:
Scan speed = 200 nm.min·1 ,
Excitation and emission slits
Excitation wavelength

Emission wavelength

=2.5 nm,

=584 nm,

Incubation time = 2 and 7 min,

=563 nm,

Room temperature.

525

500

... 475

"'

D2min

~
c

ii

~7min

450

425

400
0.05

0.1

0.25

HRP concentration

0.5
(~M)

Figure 5.8 Influence of HRP concentration and reaction time on the fluorescence
intensity of Amp lex Red oxidation product.

The variation of HRP concentration from 0.05 to 1 J.LM did not affect the
fluorescence intensity of Amplex Red oxidation product as this one remained
constant with average values of 517 ± 1.2 % and 516 ± 1.2 % after 2 and 7
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minutes of incubation, respectively (see Figure 5.8). However, both the catalyst
concentration and the reaction time affected the peak shape of fluorescence
emission. The lower the HRP content and the longer the incubation time, the
better the peak shape. In similar experimental conditions, the optimum hemin
concentration was found to be -1 f.LM (see section 5.2.4), which is at least 20
times higher than the peroxidase concentration required to reach completion of
the oxidation reaction. This reflects how much more effective HRP is compared to
hem in.

5.3.5

Sol-gel parameters

HRP doped sol-gels were prepared according to the procedure described in
section 2.4.1. Before gelation, the final sol-gel mixture was transferred into homemade moulds (see Figure 2.9), which, once aged and dried, yielded thin
monolithic glasses with average dimensions of 1.7 (± 7 %) x 7.4 x 22.6 mm.

A large number of process variables can be used to control the structural
characteristics

of gels. Three of the

most significant parameters were

investigated, i.e. the R ratio (moles of HzO/moles of TMOS), pH and enzyme
concentration. The standard sol-gel preparation was thus modified by varying
either the TMOS content in the sol, the pH of phosphate buffer or HRP
concentration. The dried gels were immersed in a mixture of Amplex Red and
H20 2 and the fluorescence emission of the oxidation product was recorded at
regular time intervals.

5.3.5.1

Water/TMOS ratio

Experimental conditions:
Scan speed = 200 nm.min·1,

H202 cone. = 5.3 f.LM,

Excitation and emission slits = 5 nm,

HRP cone. in sol-gel= 5 11M,

Excitation wavelength = 563 nm,

Sol-gel ageing = 9 days,

Emission wavelength = 584 nm,

Sol-gel drying = 14 days,

0.05 M Tris buffer pH 8,

Temperature= 25°C.

Amplex Red cone. = 3 f.LM,
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Figure 5.9 Effect ofwater/TMOS ratio on Amplex Red oxidation.

Figure 5.9 shows the effect of water/TMOS ratio on fluorescence emission: a
higher water content resulted in an increase in the fluorescence emission of the
oxidation product detected at 584 nm.

With other parameters being constant, the R ratio significantly affects the porosity
of silica glasses. lt has been reported that the formation of more hydrolysed
species is favoured with increasing R. During condensation, this would bring
about polymers with more branched structures and thus a more porous
silica 77 •110 • An increase in porosity of the sol-gel matrix would increase the
accessibility of the entrapped enzyme. As shown in Figure 5.9, faster increase
rate in fluorescence responses was observed with increasing R.

5.3.5.2

pH

Experimental conditions:
Scan speed= 200nm.min·1,

H202 cone.= 5.3 J.!M,

Excitation and emission slits = 5 nm,

HRP cone. in sol-gel = 5 J.!M,

Excitation wavelength = 563 nm,

Sol-gel ageing = 12 days,

Emission wavelength = 584 nm,

Sol-gel drying = 9 days,

0.05 M Tris buffer pH 8,

Temperature= 25°C.

Amplex Red cone. = 3 J.!M,
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Figure 5.10 Effect of pH on Amp lex Red oxidation.

Figure 5.10 shows the effect of pH on fluorescence emission: a rise of pH led to
an increase in the fluorescence emission of the oxidation product detected at
584 nm.

The nature and concentration of catalyst are known to dramatically affect the
porosity of the silica gels. By varying the pH, Harmer and eo-workers 111 prepared
Nation-silica nanocomposites with pore sizes ranging from 2 to 25 nm.

The effect of pH on the properties of silica is a classic example of using a sol-gel
parameter to control the pore structure (surface area, pore volume and pore size
distribution) of sol-gel-processed materials. Under acidic conditions, hydrolysis
occurs at a faster rate than condensation and the resulting gel is weakly
branched. Condensation is accelerated relative to hydrolysis with increasing pH.
Thus, a base-catalysed gel is highly branched and contains colloidal aggregates.
Because of the different extent of branching, acid-catalysed gels contain mostly
micropores (mean pore diameters < 20 A) whereas base-catalysed ones contain
mesopores (20 A< mean pore diameters < 500 A)

35

.
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5.3.5.3

HRP concentration

Experimental conditions:
Scan speed = 200 nm.min·1,
Excitation and emission slits

Amplex Red cone. = 3 I!M.

=5 nm,

H202 cone. = 5.3 I!M.

Excitation wavelength = 563 nm,

Sol-gel ageing= 10 days,

Emission wavelength = 584 nm,

Sol-gel drying = 11 days,

0.05 M Tris buffer pH 8,

Temperature= 25°C.
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Figure 5.11 Effect of HRP concentration on Amplex Red oxidation.

Figure 5.11 shows the effect of HRP concentration on fluorescence emission.
Some

visual

observations

were

made

along

with

the

fluorescence

measurements. They are summarised in Table 5.5 and report the colour changes
of the HRP-doped sol-gels (SG) and corresponding reaction mixture (RM) as the
immersion time is increased. Brown and pink are the colours of HRP and
oxidised Amplex Red at high concentrations, respectively, and 0

means

colourless.
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Table 5.5 Colour changes of HRP-doped sol-gels and corresponding reaction mixtures.
Immersion time (min)

HRP

0

2~-tM

SG0

0.5

1

3

4

15

SG pink
RM pink

RM0
SG pink

SG0

5~-tM

RM pink

RM0
10 ~-tM

SG brown

SG pinkish
RM pink

RM0
15~-tM

SG pinkish

SG brown
RM0

RM pink

For the sol-gels doped with 10 and 15

~-tM

of HRP, the surrounding mixture was

oxidised before the reaction could take place inside the gels. The enzyme
concentration in these gels was obviously too high: first, all the fluorescence
readings were subject to inner filter effect, and second, some of the HRP
molecules immobilised just below the gel surfaces might have leached out and
dispersed in the reaction liquid. The monoliths containing 5

~-tM

of HRP exhibited

the highest fluorescence signal in a very short period of time. Below 5 !-LM, the
oxidation was slowed down as less enzyme was available for catalysation at any
time.

5.3.6

Pore size determination

Sol-gel pore sizes can be estimated by diffusing protein molecules of known
dimensions through the porous silica matrix. Blank sol-gels were fabricated the
same way as in section 5.3.5 (with varying pH and R ratio), but without HRP,
which was replaced by phosphate buffer. These gels were dipped into a bovine
serum albumin solution and the amount of BSA diffusing through the sol-gel
pores was monitored over time. Figure 5.12 and Figure 5.13 show the effect of R
and pH on sol-gel porosity, respectively.

146

Chapter 5

Sol-gel biosensing of hydrogen peroxide

Experimental conditions:
Scan speed = 200 nm.min·1,

BSA cone. in buffer= 100 I!M,

Excitation and emission slits = 8 nm,

Sol-gel ageing = 11 days,

Excitation wavelength = 282 nm,

Sol-gel drying = 10 days,

Emission wavelength = 337 nm,

Temperature= 25°C.

Phosphate buffer pH 8,

5.3.6.1

Water/TMOS ratio

1200
1000
Cll
0

c

Gl
0

.

"'0

-a-R=1.892

800

--R=2.592

Cll

:I

I;:

-6-R=3.181

600

-*-R=4.117

Cll

.~

!!Cll

--R=5.185

400

-6-R=6.086

a::

200
0
0

5

10

15

20

Immersion time (min)

Figure 5.12 Effect ofwater/TMOS ratio on sol-gel pore size.

The fluorescence intensity observed at 337 nm (due to intrinsic protein
fluorescence) increased significantly for sol-gels with R ~ 5.185, indicating large
pores allowing BSA molecules to permeate the silica gel network. For sol-gels
with lower water content (1.892 ~ R ~ 4.117), the pores were too small to permit
· the protein to penetrate inside the gels. The slight fluorescence increase may
have been simply due to the accumulated BSA stuck onto the gel surfaces.
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Figure 5.13 Effect of pH on sol-gel pore size.
Within 20 minutes of immersion, no significant changes in fluorescence intensity
could be detected. Although pH was found to affect the sol-gel porosity (see
section 5.3.5.2), the pH increase from 7 to 9 did not enlarge the sol-gel pores as
such as to allow BSA molecules to penetrate the silica matrix. A smaller protein
than BSA, such as ovalbumin, would be necessary to evaluate the pore size
changes due to pH.
5.3.6.3

Diluted serum

If sol-gel biosensors are to be used for detecting analytes of clinical/medical
interest in vivo, the sol-gel matrix should overcome or at least minimise the
common problem of background fluorescence associated with biological fluids.
Blood serum is a complex matrix, which causes unwanted background signals
due to its numerous and varied constituents (like albumin, globulin, glycoproteins,
enzymes, vitamins, steroids, lipids, many different metabolites and drugs).
Fluorescence spectroscopy is in principle a very sensitive technique because it
can detect small emission signals against a zero or near-zero background.
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Consequently, if the background fluorescence is not zero or nearly so, the
method loses its principal advantage.

The applicability of sol-gel monoliths in blood serum was tested by carrying out a
similar experiment as described in section 5.3.6.1, using sheep serum as the
dipping mixture. Figure 5.14 shows the background fluorescence generated in
sol-gel glasses during 20 minutes of immersion.

Experimental conditions:
Scan speed

=200 nm.min·

1

0.05 M Tris buffer pH 8,

,

Excitation wavelength = 280 nm,

=11 days,
Sol-gel drying =10 days,

Emission wavelength = 339 nm,

Temperature = 25°C.

Sol-gel ageing

Excitation and emission slits = 5 nm,

Serum dilution in buffer= 1:20,

2000
Gl

--R=1.892
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Figure 5.14 Serum background fluorescence in sol-gels.

The major fluorescence emission of blood serum occurs at

ea

340 nm (when

A.ex =280 nm) and is derived from proteins and aromatic amino acids244 . Such
background fluorescence increased significantly for sol-gels with large pores
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=6.086), indicating that serum proteins could penetrate the silica matrix and

obscure the detection signal produced by analytes fluorescing in this spectral
region.

For sol-gels with a low water content (1.892 :> R :> 3.181), the fluorescence
intensity measured at 339 nm increased only slightly over a period of 20 minutes
immersion. This was due to either a minor fraction of serum constituents able to
diffuse through the small sol-gel pores or the accumulation of serum proteins
adsorbed onto the monolith surfaces. The sol-gel matrix could therefore either
reduce the background fluorescence significantly or eliminate it, if precaution was
taken to thoroughly wash off all adsorbed serum.

For sol-gels with intermediate pore sizes (4.117 :> R :> 5.185), the fluorescence
increase monitored at 399 nm was slightly bigger than in the previous case (solgels with 1.892 :s: R

:s: 3.181 ).

A more important fraction of serum proteins were

penetrating the silica matrix and generating a small background fluorescence.

Serum background signal was also examined in other spectral regions. According
to previous reports 244 •245 , weak fluorescence bands occurring at longer
wavelengths can often provide interfering background signals. Three of these
bands were investigated. The first band, whose origin has not been clearly
identified, emits at 455 nm when acquired at an excitation wavelength of 350 nm.
The two other bands at 472 and 495 nm (when
respectively)

are generally assigned

'-•x =400

to protein-bound

and 425 nm,

bilirubin

and

its

photoproducts. No background fluorescence could be detected in the sol-gels
(1.892 :s; R :s; 6.086) within 20 minutes immersion when using Aex of 350, 400 or
425 nm. These results demonstrated that sol-gel matrices were suitable for the
detection of analytes in blood serum at 450
5.3.6.4

:s: A.em :s: 500

nm.

Tailoring of sol-gel porosity

In order to tailor the porosity of sol-gel-derived materials, different approaches
have been reported. For example, Rao and Dave246 used an alkoxodisilane
precursor,

enTMOS

(bis-[3-(trimethoxysilyl)-propyl]ethylenediamine,

whose
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structure is given as (CH30)3Si(CH2)3NH(CH2)2NH(CH2)3Si(OCH 3)3), with a longchain spacer unit to allow the formation of sol-gels with enhanced porosity.
Transmission electron microscopy data showed an average pore diameter 4
times larger for enTMOS sol-gels than for TMOS sol-gels.

(Et0)3S i - - - S i ( O E I )3

Sol-gel
(Et0) 3S i - - - S i ( O E t )3

Polymerisation

Figure 5.15 Schematic of monomeric building blocks containing two or more triethoxysilyl
groups as precursors to bridged polysilsesquioxanes.
A similar approach taken by Loy et a/. 247 has also established the feasibility of
tailoring sol-gel pore sizes by the use of a spacer group. In this case, hybrid
organic-inorganic materials were prepared from molecular building blocks,
containing a variable organic fragment attached to two or more trifunctional silyl
groups by nonhydrolysable carbon-silicon bonds. Sol-gel polymerisation of such
poly(trialkoxysilyl) monomers led to highly cross-linked materials, called briged
polysilsesquioxanes (see Figure 5.15; the shaded areas represent the organic
components, i.e. alkylene, arylene, alkenylene or alkynylene groups). Different
organic components were incorporated into the sol-gel processed hybrids,
including alkylene, arylene, alkenylene and alkynylene groups, in order to
determine if a rigid molecular spacer would introduce porosity in the resulting
xerogels and if the length of the spacer would have any effect on the pore size
and pore distribution. In general, the spacing between cross-links was greater in
the bridged polysilsesquioxanes than in the silica gels (see Figure 5.16; the
shaded rectangles correspond to the variable organic fragment). Extremely high
surface areas (up to 1200 m2/g) and mesoporous (mean pore diameters of 20-
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70 A)

structures

were

obtained

for

arylene-

and

alkylene-bridged

polysilsesquixane xerogels, respectively. However, a certain degree of stiffness
in the organic component of the molecular building block was required to sustain
porosity in the hybrid xerogels, and there was no simple relationship between the
average pore size and the length of the spacer.

Silica

Bridged polysilsesquioxane

Figure 5.16 Representation of the chemical connectivities of silica and a bridged
polysilsesquioxane.

The morphology and microstructure of the sol-gels can also be controlled during
the drying process. The use of DCCAs has been shown to lead to the formation
of larger pores and smaller pore size distributions

60

•

DCCAs include formamide,

N,N-dimethyl formamide (DMF), ethylene glycol, acetonitrile, 1,4 dioxane, and
several organic acids such as oxalic. These chemicals are added at the sol
preparation stage, intending to control the evaporation rates of water and alcohol,
which form the bulk of the pore liquid after gelation. Previous studies

30

have

shown that DCCAs not only influence the drying behaviour, but also affect gel
synthesis and ageing process in a complicated manner. Hydrolysis reaction rates
may be retarded or accelerated depending on the type of chemical added.
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Supercritical drying prevents the sol-gel network collapse induced by capillary
forces arising from the liquid-vapour interface, leading to materials with high
porosity called aerogels248 • However, supercritical processing has numerous
drawbacks due to the extreme conditions used. The gel has to be heated above
the critical temperature and pressure of the liquid phase (which for ethanol, for
example, is 243°C and 63 atm), at which point there is no interface between the
liquid and vapour phases 60 • The vapours are then removed rapidly by venting.
The gel dries without significant shrinkage, so that the dried body has a similar
volume to the starting wet gel.
An alternative means of preserving the porous network of the wet gel state is to
establish processing conditions whereby drying shrinkage is reversible. Such
conditions are achieved when the hydroxylated surface of the inorganic gel is
derivatised with organosilanes via standard silylation routes. Organosilylterminated surfaces do not participate in condensation reactions or hydrogen
bonding as the gel is collapsed by the capillary tension developed during drying.
Therefore, as the liquid-vapour menisci recede into the gel interior and any
remaining liquid is in a pendular state, the shrunken elastic network progressively
'springs back' towards its original porous state249 • Soleto and co-workers248
applied a similar silylation procedure for the preparation of titania-silica mixed
oxides. After ageing, the titanium-containing silica gels were treated with a
trimethylchlorosilane (TMSCI) solution, which led to a decrease in the final Ti gel
content as a consequence of the reaction of TMSCI with OH groups at the gel
surface, thus preventing the irreversible shrinkage of the porous structure during
drying. Pore volume analysis showed a shift in the pore size distribution towards
higher values for silylated gels compared to xerogels.

5.3.7

Selected sol-gel parameters

The final criteria chosen for the preparation of sol-gel monoliths and reaction
conditions (later used for calibration), combining optimal HRP catalytic activity
with good accessibility of the entrapped enzyme to the substrate, are
summarised in Table 5.6.
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Table 5.6 Optimum sol-gel preparation criteria and reaction conditions.
Sol-gel preparation criteria

· R= 3.181,

0.05 M Tris buffer pH 8,

Phosphate buffer pH 8,
HRP concentration

5.3.8

Reaction conditions

~

Temperature = 25°C.

5 J.!M,

Repeatability studies in sol-gels

The effect of immersion time on the sol-gel response was investigated. Sets of 7
HRP-doped sol-gels were immersed in a mixture of Amplex Red and H2 0 2 for
either 2, 4 or 6 minutes and fluorescence emission at 584 nm were recorded.

Experimental conditions:
Scan speed= 200 nm.min-1,

HRP cone. in sol-gel = 2 J.!M,

Excitation wavelength = 563 nm,

Gel composition: see section 5.3.5,

Emission wavelength = 584 nm,

Sol-gel ageing = 11 days,

Tris buffer pH 8,

Sol-gel drying = 8 days,

Amplex Red cone. = 20 J.!M,

Temperature = 25°C.

H202 cone. = 0.1 ppm,

Table 5. 7 Effect of immersion time on sol-gel response.
Immersion time

CV(%)

2min

4 min

6min

7.6

6.8

7.4

4.0

7.9

The coefficients of variation, calculated from sets of 7 fluorescence readings, are
listed in Table 5.7. Under given reaction conditions, the repeatability of sol-gel
response was found independent of the immersion time and averaged to 6. 7 %.
In comparison, a similar experiment, carried out in solution (see section 5.3.4),
gave a CV of 1.2 %.
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5.3.9

Calibration

5.3.9.1

First attempts

Many calibration curves (one example illustrated in Figure 5.17) were produced,
but none of them were satisfactory: the correlation coefficients were fluctuating
between 0.97 and 0.98, and usually one or even two fluorescence readings (out
of 7) had to be discarded.

Experimental conditions:
Scan speed

=200 nm.min·1 ,

Gel composition: see section 5.3.5,

=11 days,
Sol-gel drying =8 days,

Sol-gel ageing

Excitation wavelength = 563 nm,
Emission wavelength

=584 nm,

Tris buffer pH 8,

Immersion time = 2 min,

Amplex Red cone. = 20 f!M,

Temperature

=25°C.

HRP cone. in sol-gel = 2 f!M,
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Figure 5.17 Calibration curve obtained with 2 minutes immersion time.
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The sensitivity and accuracy of the calibration system was thought to be
improved by doubling the immersion time, but, as shown in Figure 5.18, nothing
changed.

•
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Figure 5.18 Calibration curve obtained with 4 minutes immersion time.

5.3.9.2

No drying stage

New HRP sol-gels were prepared the same way as before (see section 5.3.7),
but this time they were not allowed to dry. The drastic shrinkage occurring during
the drying period was causing distortion of the silica glasses. By eliminating the
drying stage (i.e. doubling the ageing stage instead), the gels would shrink less,
and therefore were hoped to be less distorted and more similar in shape (and
size) to one another. Figure 5.19 shows a calibration curve obtained, using these
"wet" gels (same experimental conditions as in section 5.3.9.1 ).
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Figure 5.19 Calibration curve obtained with "wet" gels.

When comparing these results with previous calibration curves, major differences
could be highlighted. First, no fluorescence reading needed to be discarded,
indicating a better similarity in shape and size between sol-gels. Second, the
correlation coefficient was significantly improved. Third, narrower slits had to be
selected and the working dynamic range was reduced by half (the curve was
flattening above 0.15 ppm), which gave excellent sensitivity to this "wet" sol-gel
detection system.

5.3.10 Real samples
H2 0 2 content in real samples (supplied by GlaxoWellcome) was determined,
using the calibration system described in the previous section. The samples were
opaque emulsions, some of them containing 2.6 % glycerol or 5 % glucose and
others were manufactured under N2 • Unfortunately, the fluorescence intensity
produced by these samples was always below the calibration range.

The sol-gel system was nevertheless working: even though the samples were
opaque, the gels remained transparent and turned pink hours later. The oxidation
157

Sol-gel biosensing of hydrogen peroxide

Chapter 5

reaction of Amplex Red was either tremendously slowed down or too little H20 2
was present in the emulsion samples.

The pH of these samples was measured and listed in Table 5.8. All the pH values
were close to 8 and could therefore not answer for a possibly reduced HRP
catalytic rate.

Table 5.8 pH of emulsion samples.
Sample

pH

Emulsion

7.89

Emulsion+ 5% glucose

7.84

Emulsion+ 2.6% glycerol

7.89

Emulsion with decreased 0 2

8.74

The effect of glucose, glycerol and N2 on Amplex Red oxidation was then
investigated. Known concentrations of H20 2, Amplex Red, Tris buffer and HRP
were mixed together, to which were added increasing amounts of glucose or
glycerol, or bubbled through N2 over 24 hours. None of the results obtained could
account for the problems encountered in the determination of H202 in the sol-gel
system.
All the emulsion samples were at least 6 months old (some of them had been
stored for more than a year). lt is likely that, during these extended storage times,
most of hydrogen peroxide had been reduced to water. In this case, the sol-gel
biosensing system was not sensitive enough to detect such low concentrations of
H202.
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6.1

CONCLUSION

6.1.1

Sol-gel monoliths

Fluorescence spectroscopy was used to investigate various aspects of sol-gel
entrapped proteins, such as protein structure, stability and binding properties.
BSA was first encapsulated in silica sol-gel monoliths. By comparison with the
free protein, BSA retained its native structure upon entrapment in sol-gel matrices
and remained stable (no sign of denaturation or major conformation change) over
a period of two-month storage.
ANS was utilised as an extrinsic fluorescent probe to study the permeation of
external analytes into the porous sol-gel structure and the binding properties of
sol-gel immobilised BSA. Immersion of BSA-doped silica monoliths in aqueous
solutions of ANS demonstrated that the protein remained active in the sol-gel
matrix and bound to ANS the same way as in solution. The ANS-BSA
complexation within the silica glass and the absence of BSA leaching from the
sol-gel pores showed two major points. First, the sol-gel method made it possible
to produce a transparent and porous matrix, in which the movement of the
recognition molecules was restricted but the flow of smaller analytes through the
sol-gel pores was allowed. Second, the sol-gel matrix was consequently suitable
for optical biosensing applications.
Monitoring of the ANS-BSA binding signal over time enabled the construction of
diffusion profiles, from which response times (Rt) were determined. R1 was
defined as the minimum time within which all accessible entrapped BSA became
ANS-bound. Since a rapid response to the analyte is usually required for any
viable biosensor, different ways of reducing Rt were sought. Faster response
times were obtained by (1) increasing the ANS/BSA molar ratio and (2)
decreasing the optical path length of the sol-gel monoliths.
Manipulation of the ANS/BSA ratio presented some limitations. First, at
concentrations exceeding 40 J.LM, the coloured ANS solution produced an inner
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filter effect. Second, the BSA sol-gel content could only be lowered as far as the
sensitivity of the detection system used allowed it to. Finally, a biosensor,
dependent on the analyte/sensing element concentration ratio for ensuring fast
responses, would be inadequate for the detection of low concentrations of
analyte.

Reduced optical path length of the sol-gel monoliths was achieved by (1)
prolonging the drying time of the sol-gel process, and (2) moulding sol-gels into
monoliths of smaller thicknesses. In the first case, Rt was not improved, since the
reduced diffusion path of ANS was cancelled out by a decreased accessibility of
the entrapped BSA, caused by the shrinking silica matrix. The monolith thickness,
controlled at the moulding stage of the sol-gel process, proved to be the factor of
paramount importance. R1 was improved by at least 24-fold for 3 mm-thick
monoliths compared to 7 mm-thick gels.

Sol-gel systems can be used in the field of competitive binding experiments, for
studying drug-protein interactions, for example. Flufenamic acid molecules were
shown to displace ANS from its binding site in sol-gel immobilised BSA. A linear
relationship was found between the fluorescence intensity of bound ANS and the
FAIANS molar ratio, indicating that the ANS displacement assay could serve to
evaluate the competitor ligand binding affinity and specificity for BSA.

Finally, various antibodies were encapsulated in silica sol-gel monoliths. By
comparison with the free antibodies, anti-atrazine, anti-sulfamethazine and antithyroxine retained their native structure upon entrapment in sol-gel matrices and
remained stable (no sign of denaturation or major conformation change) over a
period of 9-day storage. Unfortunately, the activity of these entrapped antibodies
could not be assessed. More time was needed to synthesise a suitable
fluorescent label-analyte conjugate, which could undergo significant changes in
emission characteristics on binding to antibody.
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Sol-gel thin films

Further reduction of the sol-gel optical path was achieved by preparing silica thin
films, using a spin-coating technique. Immobilisation of BSA in sol-gel films was
carried out in two ways, (1) sandwich configuration and (2) microencapsulation in
single layers.

In the first method, BSA was physically sandwiched between two sol-gel layers.
This facilitated high loadings of protein and resulted therefore in a relatively good
sensitivity. Within 1 minute of immersion in an ANS solution, the fluorescence of
ANS-BSA complex increased by 9-fold whereas, in monolithic gels, the
enhancement was less than 2-fold. This indicated shorter diffusion path lengths
for ANS and better accessibility of the immobilised BSA, relative to sol-gel
monoliths.

Unfortunately, the sandwich films were not uniform (CVs of 30- 50%). This
problem arose from the film making process. First, after BSA had been spread
onto the bottom sol-gel film, one fraction of the protein molecules diffused
through the porous lower sol-gel layer, while another fraction remained physically
adsorbed onto it. Second, when overcoating the BSA layer with a top sol-gel film,
some of the adsorbed protein molecules probably became solubilised by the top
sol-gel layer and diffused towards the upper film/air interface in the time prior to
gelation. This process created several discrete populations of entrapped BSA,
characterised by different accessibilities and functionalities.

In the second sol-gel film method, BSA was incorporated into the sol mixture prior
to film casting. Limited protein doping and reduced film thickness (single layer
compared to three layers in the sandwich configuration) resulted in a sensitivity
poorer than in the first method. However, more even distribution of the sol-gel
dopant throughout the films was achieved (CVs of 11 - 30 %):

Rhodamine B was encapsulated in single layer sol-gel films in order to gain
insight into the heterogeneous character of single layer coatings. The uniformity
throughout the RhB-doped films only varied by 5 to 7 %, indicating that the film

162

Chapter 6

Conclusion and further work

fabrication process (microencapsulation + spin coating) could only slightly
account for the heterogeneity (11 to 30 %) found in BSA-doped films. The factor
contributing to most of the nonuniformity in BSA-doped films was consequently
the ANS-BSA interaction and/or the immersion procedure.

Ageing of the RhB-doped sol-gel solution prior to film deposition proved to be a
successful way of tailoring the film thickness. RhB-doped films prepared from a 4day old sol-gel mixture exhibited a fluorescence intensity double that of the films
deposited from a freshly prepared sol-gel solution.

Finally, the repeatability between RhB-doped films was variable (CVs of 7 27 %), indicating a random fluctuation of thickness from film to film. The factors
responsible for the variable repeatability had three different origins:
•

spin-coating apparatus (produced in-house) with limited capabilities, such as
imprecise speed selection and nonconstant rotation speed;

•

operator, providing inaccuracy in the manual timing;

•

uncontrolled experimental conditions, like temperature and pressure.

6.1.3

Sol-gel biosensing of hydrogen peroxide

Silica sol-gel monoliths were doped with a peroxidatic catalyst and applied to the
spectrofluorimetric determination of hydrogen peroxide. H20 2 was detected by
measuring the increase in the product fluorescence generated by oxidation of a
non-fluorescent substrata, in the presence of peroxidase or peroxidase-like
mimesis. The fluorescence intensity of the oxidation product was directly
proportional to the concentration of H20 2 .

The first catalyst used was hemin, a natural iron-porphyrin complex which
exhibits peroxidatic activity. The selected fluorogenic substrata was homovanillic
acid. Since hem in optimum reaction occurs at a pH near 11, and the fluorescent
product from HVA has maximum intensity at a pH above 10, the same pH was
chosen for both the peroxidatic oxidation reaction and the fluorescence
measurement. Ammonium chloride (pH 10.2) was a suitable buffer due to its
enhancement effect on the peroxidatic activity of hemin. Hemin concentration
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was found to be an important experimental parameter, since too much hemin in
the reaction system can catalyse the decomposition of H20 2 , and thus generates
some signal loss, owing to the catalase-like action of hemin.

HVA was found to self-oxidise and produce some background fluorescence at
421 nm, in the absence of HzOz and catalyst. Within 3 hours of preparation, the
background signal had increased by almost 14-fold for a 0.34 mM HVA solution.
In the sol-gel experiments, HVA solutions were prepared at a concentration of
0.33 mM and used throughout the day. When hemin-doped sol-gels were dipped
into a mixture of HVA and HzOz, HVA self-oxidation contributed partly towards the
fluorescence emission observed at 421 nm. The extent of HVA spontaneous
oxidation in sol-gels was not determined.

Nevertheless, this

drawback

represented a good incentive to search another catalyst/substrata system, free
from background fluorescence induced by the substrata spontaneous oxidation.

The second catalyst type, horseradish peroxidase, encapsulated in thin silica
monoliths (ea. 1.7 mm thick), catalysed the oxidation of Amplex Red by H20 2 to
produce a highly fluorescent dye, resorufin. Amplex Red had an excellent photoand chemical stability, allowing the oxidation reaction to occur with a minimal
background over a long period of time.

The gel structural characteristics were modified by varying three sol-gel
parameters, i.e. water!TMOS molar ratio (= R), pH and dopant concentration.
When studying the effect of each process variable on resorufin fluorescence
emission, two points were highlighted. First, faster rates of fluorescence increase
were obtained with increasing Rand pH. This indicated an improved accessibility
of the entrapped enzyme, resulting from an increased porosity of the sol-gel
matrix. Second, monoliths containing 5 J.LM of HRP exhibited the highest
fluorescence signal in the shortest immersion time.
Diffusion of BSA molecules through porous blank monoliths, fabricated from
undoped sol mixtures with varying R or pH demonstrated that, in the studied
value range, R had more effect on the sol-gel porosity than pH. For monoliths

164

Chapter 6

Conclusion and further work

with R ~ 5.185, the pores were large enough to allow BSA molecules to permeate
the silica network, whereas for gels with lower water content the pores were too
small to permit the protein to penetrate inside the glass matrix. A pH increase
from 7 to 9 did not enlarge the sol-gel pores as such as to allow BSA to diffuse
through the gels. A protein smaller than BSA was necessary to evaluate the pore
size changes due to pH.

Immersion of blank sol-gels (with R varying) in blood serum showed that the solgel matrix reduced the background fluorescence produced by serum at 340 nm
significantly when R ~ 3.181. At longer wavelengths, all sol-gel matrices were
suitable for the detection of analytes in blood serum.

Under optimum sol-gel and reaction conditions, linear detection of H20 2 between
0 and 0.3 ppm was achieved in 2 minutes, with an average repeatability of 6.7 %
and correlation coefficients of 0.971 - 0.985 (see Table 6.1 for comparison with
detection in solution). When using wet gels (drying stage replaced by extended
ageing period) for the determination of H202, major differences were observed.
First, no fluorescence reading needed to be discarded, indicating a better
similarity in shape and size between sol-gels. Second, the correlation coefficient
was significantly improved (0.998). Third, the sensitivity was also improved, given
the narrower slits and the shorter working dynamic range.

Table 6.1 Performance comparison between different H20 2 detection systems.
Solution

Dry sol-gels

Wet sol-gels

Dynamic range

0-0.03 ppm

0-0.3 ppm

0-0.13 ppm

Correlation coefficient

0.999

0.971-0.985

0.998

Repeatability

1.2%

6.7%

Not

Incubation time

2min

2min

2min

t Not determined
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FURTHER WORK

Before engaging a discussion on further work, it is useful to remind that the final
objective of this project was to develop a sol-gel biosensing system for the
detection of H202 that can provide the following features:
•

Good sensitivity;

•

Good repeatability/reproducibility;

•

Fast response to analyte;

•

Cheap and simple fabrication and operation protocols.

Although sol-gel single layer films proved to be the most successful way to
achieve fast response times, they exhibited poor sensitivity. Preparing thicker
films would invariably alleviate the sensitivity problem and could be accomplished
using two different approaches: (1) ageing of an HRP-doped sol-gel solution prior
to film casting, and (2) deposition of several HRP-doped sol-gel single layers on
the top of each other. The first approach has already been attempted with RhBdoped layers and did result in an increased film thickness. The success of the
second method would depend on the ability to produce very uniform films, since
each layer constitutes a platform for the next one and it is essential not to carry
over and amplify flaws of the first sol-gel layer.

Good film uniformity and repeatability are general requirements for any film
deposition technique. In our case, this could be achieved by using a
computerised spin-coating apparatus, with enclosed spinning platform, to allow
precise control of the rotation speed, timing and environment around the rotating
substrata. This solution would be very costly and would not meet the fourth
desired requirement of our sol-gel biosensing system. In order to keep the cost
down, sol-gels should be prepared without the aid of any expensive and/or
sophisticated instrumentation.

Previous publications have already reported simple and cheap procedures for the
preparation of an HRP-encapsulated sol-gel membrane210 and a monellin-doped
thin sol-gel monolith 133 . The TEOS-derived membrane was obtained by placing
0.2 mL of the sol-gel mixture on a clean glass plate (25 mm x 25 mm), which was
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then enclosed in a glass vessel to let the gel age at room temperature for a week.
To avoid the membrane losing most of the water and causing cracking, the
membrane was immersed in water for 1 minute everyday and then enclosed in
the glass vessel to keep it in a wet state. This enzyme sensor, used for the
chemiluminescent flow determination of H20 2 , showed rapid response (<60s)
and good reproducibility (CV= 2.4 %).

The TEOS-derived monolith was prepared by placing 0.6 ml of the sol-gel
mixture into a disposable acrylate cuvette (1-cm path length), which was then
sealed with parafilm and placed on its side until gelation occurred. Following
gelation, the cuvette was immediately filled with buffer and allowed to stand
overnight at 4°C. The monolith was then rinsed for 5 minutes several times and
aged at 4°C either in buffer for 10 days or in air for 25 days. Dry- and wet-aged
monoliths reached a final size of 0.2 x 5 x 20 and 1.5 x 8 x 35 mm, respectively.
Fluorescence quenching of the entrapped monellin with acrylamide resulted in
mean response times of 84 and 113 seconds in wet- and dry-aged monoliths,
respectively.

In this project, a simple and inexpensive sol-gel moulding system was
successfully developed and enabled the fabrication of thin monoliths with an
average thickness of 1.7 mm. lt consisted of a polystyrene semi-micro cuvette
partially filled with a Perspex block, thus leaving a gap of reduced thickness for
sol-gel moulding (see section 2.4.2 for detailed description). Faster response to
analytes could be achieved using thinner monoliths, fabricated with this sol-gel
mould, where the existing Perspex blocks would be replaced by thicker ones.

The size of sol-gel monoliths can be gradually reduced as long as the final
products are still practically convenient to handle. When a practical monolith
thickness limit is reached, response times can be further improved by increasing
the gel porosity. A previous report71 suggested that, due to a low degree of crosslinking, the sol-gel glass formed from a mixture of tri and bifunctional silanes
(methyltriethoxysilane, dimethyldiethoxysilane and diphenyldiethoxysilane) was a
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highly porous material that enhanced analyte diffusion relative to more highly
cross-linked glasses prepared with a tetrafunctional silane such as TEOS.

Enlargement of the sol-gel pores is limited by the molecular size of the entrapped
dopant, which should not in any case leach out of the glass matrix. When a solgel pore size limit is reached, improvement of the fluorescence signal can further
ameliorate the sensor performance. For example, Zheng and eo-workers

133

claimed that TEOS-derived monoliths had much lower levels of fluorescent
impurities than monoliths prepared from TMOS. Blyth et a/.

134

washed their sol-

gels, 24 hours after gelation, with buffer to remove any alcohol produced and to
equilibrate the gels at a desired pH for experimentation. During ageing, the buffer
solution could be renewed at regular time intervals to ensure a constant pH inside
the sol-gel matrix.
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