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In recent years, the importance of monitoring and controlling many different parameters in
fields such as clinical diagnoses, food industry, environment, forensics or drug development
has been increasing. Thus, there is a need to have reliable analytical devices capable to carry
out fast and accurate analyses. Conventional methods provide high sensitivity and selectivity,
but they are expensive, time consuming and require highly trained personal. One way to

overcome many disadvantages of these methods is to develop sensors.

Chemical sensors are devices that convert the concentration of target compounds into an
analytical signal. The term analytical implies the concept of measurability. Then a chemical
sensor converts the information about the presence of target compounds into a measurable
quantity. Currently, electronics is the technology that enables not only the measurement, but
also the efficient use of the acquired information. Examples of this are storage, processing,
communication, and active utilization of the information to control machines. Sensor
technology has been pivotal in the latest spread of microelectronics, and the continuous
extension of sensor properties is gaining unprecedented fields of applications. The number of
articles increased considerably in the last twenty years, as shown in Figure 1.1, demonstrating

a high level of interesting in this area.

Il Chemical sensors
10000 Il Biosensors
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6000

4000

2000 ~

Number of published papers
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Figure 1.1.Number of published papers searching “Chemical sensors and biosensors” in topic

in Scopus.
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1.1. Sensors

1.1.1. Definition of sensor

A sensor can be defined, in a very general manner, as a device that responds to a signal, or
stimulus. A stimulus can be understood as any quantity, property or condition.

In their vast majority, modern sensors are not standalone devices. They are part of larger
systems that may incorporate other detectors, signal conditioners and processors, memory
devices, data recorders and transducers. In consequence, sensors need to provide a signal which
is readable by all other elements of the system they are incorporated in. This is why in the
majority of artificial systems, information on the stimulus, first carried by the sensor’s response,
is processed and transmitted as an electrical signal: a voltage, a current or a charge. This
electrical signal can be further described typically in terms of amplitude, frequency, and/or
phase[1,2].

1.1.2. Sensors, transducers and actuators

A sensor can be interpreted as a device that converts any form of energy to electrical energy.
Consequently, sensors are a subclass of transducers, which are simply defined as energy
converters, from one kind into another. Devices referred to as actuators also constitute a
subclass of transducers and are the counter part of sensors: they convert electrical energy into

another kind of energy.

e Direct and complex sensors
When one or more transducers are necessary to convert the initial stimulus into an electrical
signal, the system formed is a complex sensor. In opposition, a direct sensor uses physical
effects for straight forward conversion of the stimulus into an electrical signal generation or

modification.

e Passive and active sensors
According to sensor theory [1,2], all sensors can be classified into two large categories: passive
sensors and active sensors. An active sensor requires an external source of energy, referred to
as an excitation signal, whereas active sensors directly generate an electrical signal in response

to a stimulus, without the need for an external excitation.
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A further classification of sensors can be achieved by considering all of their properties[3]:
stimulus, targeted applications, specifications, physical effect(s) for transduction, type of

energy conversion, materials, etc. . .

1.1.3. Chemical sensors

A chemical sensor is a self-contained analytical device that can provide information about the
chemical composition of its environment, that is, a liquid or a gas phase[4]. The information is
provided in the form of a measurable physical signal that is correlated with the concentration of
a certain chemical species (termed as analyte). Two main steps are involved in the functioning
of a chemical sensor, namely, recognition and transduction. In the recognition step, analyte
molecules interact selectively with receptor molecules or sites included in the structure of the
recognition element of the sensor. Consequently, a characteristic physical parameter varies and
this variation is reported by means of an integrated transducer that generates the output signal.
A chemical sensor based on a recognition element made of a biological compound is

a biosensor.

However, as synthetic biomimetic materials are going to substitute to some extent, recognition
biomaterials, a distinction between a biosensor and a standard chemical sensor may be difficult.
Typical biomimetic materials used in sensor development are molecularly imprinted polymers

and aptamers.
1.1.4. Electrochemical Sensors

Till the nineties, the term electro-analytical chemistry was used to indicate the development of
novel devices and techniques, and of novel methodologies for the correct use of electrochemical
techniques in analytical chemistry. It also included all techniques (spectroscopic, morphologic,
structural, etc.) suitable for characterizing the electrically conducting materials constituting the
electrode or the species used as a component of the electrode. The term also included these non-
electrochemical techniques whenever used to identify the effects induced by the polarization of
the electrode, such as transformation of species, of the electrode surface itself, etc. The Bard’s
series[5] defined what we would like to define as electro-analytical chemistry in a wider
meaning.

An electrochemical sensor is a device that transforms electrochemical information into a useful

analytical signal. An electrochemical sensor is normally comprised of a working electrode,
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reference electrode and a counter electrode connected to a potentiostat/galvanostat. The
working electrode acts as receptor and is a component of the transducer as well. In a typical
three electrode electrochemical sensor, a transducer is composed of working electrode,
reference electrode, counter electrode and the other components of sensing device involved in
the analysis. Electrochemical sensing is a promising analytical field and it has found its
applicability in the fields of energy, health, environment, food and pharmaceutical industry[6].
Electrochemical sensing can be divided into chemical and biosensing. Chemical sensor
provides the analytical information about a particular quantity of certain chemical species in
the surrounding environment. A biosensor is an integrated device that provides quantitative and
semi-quantitative analytical information by using a biological recognition element which is in
direct spatial contact with a transduction element[7]. Electrochemical sensors carry certain
advantages which include their cost effectiveness, applicability to a vast range of chemicals,
ease of use and functionalization, robust nature, high sensitivity and selectivity.
Most part of the activity of the electro-analysis starts from a more restricted view of
Electroanalytical Chemistry, which is in most cases identified with Electrochemical Sensing.
Electrochemical Sensing is linked to:

> Fabrication and physico-chemical characterization of novel materials or

molecules acting as the sensitive elements of the sensors;

> Use of some benchmark species to test the effectiveness of the developed system

and of the relevant analytical procedure;

> Finalization of the newly synthesized or already established sensing devices to

detect specific substances in specific matrices, developing suitable procedures to

achieve best values for “performance indicators”.
As to the first identified issue, the extraordinary upsurge of material science has induced
electroanalysts to exploit a number of novels, conductive materials either as the sensitive
elements of sensors or as a part of composites bearing molecules or functionalities suitable to
more or less specifically interact with certain analytes. A minor portion of new materials,
actually not necessarily conductive, have been exploited in potentiometry, to prepare effective
selective electrodes.
Novel materials have been least frequently used as such; they most often need to be supported
on a conductive conventional substrate, such as Pt, Au or glassy carbon, leading to the so-called
(chemically)modified electrodes. The role of the modification is essentially that of pursuing
electrocatalytic effects and of possibly preventing adsorption of species present in solution that

poison the electrode surface. In particular, electrocatalysis may anticipate the potential at which
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some analytes are electroactive, favoring higher resolution or even allowing detection of species
otherwise “hidden” by the solvent discharge[8]. Discussing the approaches followed in order
to induce electrocatalysis and prevent electrode fouling, we can work out a concise examination
of the most often preferred amperometric system. In [9] 3D-ensembles of gold nanowires were
fabricated by electroless Au deposition in polycarbonate membranes by partial membrane
etching. These electrode systems, characterized by a particularly high signal-to-noise (Faradic-
to-capacitive currents) ratio are applied to the anodic stripping voltammetric determination of
inorganic arsenic, which constitutes an analyte of particular interest. For many reasons, among
which the fact that excellent repeatability of the responses is not mandatory, and that the cost
is very low, outstanding interest has been recently acknowledged to disposable systems
consisting of Screen-Printed Electrodes (SPEs). A simple carbon black dispersion on a SPE is
effectively used for determination of a number of phenolic compounds [10]. The effectiveness
of composites is coupled to the advantages of SPEs in a sensing system in which Au-NPs are

anchored to carbon black microparticles[11].

1.2. Brief history of Biosensors

The history of biosensors started with the development of enzyme electrodes by the Professor
Leland C Clark Jnr. In 1962, Clark published his paper on the oxygen electrode [12]. The
concept was illustrated by an experiment in which glucose oxidase was entrapped at a Clark
oxygen electrode using dialysis membrane. A few years later, in 1975 Clark's biosensor
became commercial with the successful launch of the Yellow Springs Instrument Company

(Ohio) glucose analyzer based on the amperometric detection of hydrogen peroxide.

In 1969 the potentiometric urea electrode was introduced by George Guilbault and Joseph
Moltavo using immobilized urease and a pH-sensitive sensor[13]. Then, in 1973 Ph. Racinee
and W. Mindt developed the first lactate electrode [14]. In 1976, Clemens and co-workers
incorporated an electrochemical glucose biosensor in an artificial pancreas, and a few years
later this biosensor was marketed by Miles Laboratories [15,16]. Finally, Karl Cammann
introduced the term “biosensor” in 1977 [17], but it was not until 1997 when IUPAC
introduced for the first time the definition for biosensors in analogy to the definition of
chemosensors [18]. According to the classical IUPAC definition, a biosensor is an analytical
device which is capable of providing specific quantitative or semi quantitative analytical

information using a biological recognition element (biochemical receptor) which is in direct
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spatial contact with a transducer element[7].

Nowadays, the work on biosensors and papers published continues to make progress using
different biological elements in combination with various types of transducers. In commercial
term, biosensors are quickly acquiring popularity in the global market due to their wide
variety of applications in the fields of medical diagnostics, pharmaceuticals, biodefense, food
industry and industrial processes. The greatest application for biosensors continues to be
blood glucose devices. However, the market is changing towards other applications such as
infectious disease screening, cholesterol testing, blood gas analyses, pregnancy testing and
applications in industrial biology, food toxicity detection and military field [19].The term
biosensors means that the device is a combination of three parts: (i) a biorecognition element
or bioreceptor, (ii) a sensor element also called transducer and (iii) a signal processing system.
The basic concepts of a biosensor operation can be illustrated in Figure 1.2. A bioreceptor
generally consists of an immobilized biocomponent that is able to detect the specific target
analyte. On the other hand, the transducer is a converter. The reaction between the analyte
and the bioreceptor causes a chemical change, and this change is converted into an electrical
signal by the transducer. Finally, the electrical signal is amplified and sent to microelectronics

and data processor.

Bioregconition element

Figure 1.2. Schematic representation of a biosensor.
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Biosensors can be classified into four different basic groups on the basis of signal transduction:
electrochemical, optical, mass sensitive and thermal sensors. Additionally, can be classified
depending on the bioreceptor as: immunochemical, enzymatic, non-enzymatic receptor, whole-

cell, nucleic acid biosensors and biomimetic sensors.

1.2.1. Types of bioreceptors in biosensors

As indicated biosensors can be classified depending on the type of bioreceptor used. Generally,
they can be divided into six major groups: enzyme-based sensors, protein-based sensors, nucleic
acid-based sensors (called genosensors), cell-based sensors, immune (or antibody) sensors and

biomimetic sensors, see Figure 1.3.

Antibody

Nucleic
Acid

Bioreceptors

Figure 1.3. Classification of bioreceptors used in biosensors.
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1.2.1.1. Antibody-based biosensors

Immunosensors are based on the principles of solid-phase immunoassays, where the immune
reagent, either the antibody (Ab) or the antigen (Ag), is immobilized on a solid support, so that
the interaction takes place on the solid—liquid interface. Apart from the sensitivity and
selectivity, additional benefits derive from the possibility of conveniently tailoring their affinity
and selectivity with new binding properties [20]. Rahman, et al achieved label-free detection of
BPA (bisphenol A) with an impedimetric immunosensor[21].

In this example, the immunosensor was fabricated by the covalent bond formation between a
polyclonal antibody and a carboxylic acid group functionalized onto a nanoparticle comprised
conducting polymer. By using a commercial reagent4,4-bis(4-hydroxyphenyl) valeric acid
(BHPVA), they have prepared the antigen through the conjugation of BHPVA with bovine
serum albumin (BSA) and then produced a specific polyclonal antibody. The immobilization
of antibody and the interaction between antibody and antigen were studied using quartz crystal
microbalance (QCM) and electrochemical impedance spectroscopic (EIS) techniques. The
immunosensor showed specific recognition of BPA with less interference than 4.5% from other
common phenolic compounds. The linear dynamic range of BPA detection was between 1 and
100 ng/mL. The detection limit of bisphenol A was determined to be 0.30+ 0.07 ng/mL.

1.2.1.2. Biomimetic biosensors

Molecularly imprinted polymer (MIP)-based sensors mimic the biological activity of
antibodies, receptor molecules, etc [22]. MIPs combine highly selective molecular recognition,
comparable to biological systems, with typical properties of polymers such as high thermal,
chemical and stress tolerance, and an extremely long shelf life without any need for special
storage conditions. MIP optical sensors have been developed for detection of pesticides[23] and
for polycyclic aromatic hydrocarbons [24]. Systems still under development are thin MIP
membranes on an electrode or optode. The selective transport through the polymeric barriers
has to be considered.
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1.2.1.3. Protein receptor-based biosensors

Non-catalytic proteins of non-immune origin constitute the recognition element in the so-called
protein receptor-based biosensors. These proteins, which span cell membranes, allow the
binding signal to be transduced through the membrane by producing the activation of an enzyme
(metabotropic receptors) or by opening an ion channel of the membrane (lonotropic receptors).
New biorecognition molecules provided by genetic engineering constitute a step further in the
development of these biosensors Hock et al [25]. In contrast to simple chemical information,
by using living intact microorganisms rather than isolated biological components, it is possible
to obtain functional information (i.e. information about the effect of a stimulus on a living

system) to determine if a substance is toxic to cells.

1.2.1.4. Whole cell-based biosensors

In addition, microorganisms themselves can be used specifically for sensing the bioavailability
of a particular pollutant, are usually more tolerant to assay conditions than enzymes or protein
and can be prepared in almost unlimited quantities. The diffusion of substrate and products
through the cell wall also results in a slow response relative to enzyme-based sensors. Whole
cell biosensors can monitor the metabolism of cells by the measurement of pH, Oz consumption,
CO. production, redox potential, and electric potential on nervous system cells or
bioluminescence in bacteria. In some bioluminescence bacteria, for example, the increase in
light is induced by the presence of a certain contaminant. Genetically engineered
microorganism-based biosensors have also been developed for the monitoring of specific
contamination. In these ones, genes that code for luciferase are placed under the control of a
promoter that recognizes the analyte of interest[26]. In the presence of organic pollutants, the
genetic control mechanism turns on the synthesis of luciferase, which produces a measurable
light emission. Recently, methods that use mammalian cells have been investigated, since they
can better resemble the toxicity observed in people. Nerve cells growing on array structures,
for example, have been implemented in the development of chips and sensors[27].Tissue-based
biosensors such as potato slices for the determination of mono and polyphenols, and cultured
human hepatoblastome Hep G: cells for the on-site evaluation of environmental waters[28] are

of current interest.
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1.2.1.5. DNA-based biosensors

Two main strategies have been developed in the area of DNA biosensors. One is the
hybridization of nucleic acid sequences from infectious microorganisms detection in which a
single stranded DNA molecule immobilized in a sensor is able to seek out or hybridize to its
complementary strand in a sample. However, for the monitoring of endocrine disruptors a
second type of DNA biosensors is applied. In this approach, biosensors monitor the interaction
of small pollutants with affinities for DNA with the immobilized DNA layer. These biosensors
may therefore be used as a general indicator of pollution, integrated in a panel of tests, since

they can give rapid and easy to evaluate information on the presence of such compounds.

1.2.1.6. Enzyme-based biosensors

The catalytic biosensors rely on the enzyme-catalyzed conversion of anon-detectable substrate
into an optically or electrochemically detectable product or vice versa. In general, enzymatic
biosensors are based on the selective inhibition of specific enzymes by different classes of
compounds. Several enzyme-catalyzed reactions involve the production or consumption of a
detectable product or low molecular weight species, such as Oz, CO., and ions. A common way
of measuring these species is through the use of suitable transducers, usually electrochemical,
coupled to the immobilized enzyme. The most important enzymes from an analytical point of
view are the oxidoreductases and hydrolases. The use of acetylcholinesterases (AChES) in
biosensor technology has gained enormous attention, in particular with respect to insecticide
detection [29].

1.2.2. Types of transducers in biosensors

Among all types, electrochemical biosensors are especially attractive because of the remarkable
high sensitivity, low cost, fast-response and experimental simplicity. Moreover, they are the
most frequently used in commercialized biosensors, for instance for blood glucose testing. The
small size of electrodes and the possibility to miniaturization permit the construction of hand
devices or/and in field devices. Transducers generally can be classified into four major groups:

optical, piezoelectric, calorimetric and electrochemical, see figure 1.4.
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Figure 1.4. Classification of transducers used in biosensors.

1.2.2.1. Optical biosensors

Optical biosensors are the most common, after amperometric and potentiometric biosensors.
The various types of optical transducers exploit properties such as simple light absorption,
fluorescence/phosphorescence, bio/chemiluminescence, reflectance, Raman scattering and
refractive index. Apart from speed, sensitivity and robustness, other attractive features of
optical sensors include their suitability to component miniaturization, remote sensing and their
multi-analyte sensing capabilities. In addition, the increasing market of telecommunications has
supported development in new optical materials research. Examples of optical techniques
usually utilized in biosensors are fiber optic, optical waveguide structures and surface Plasmon

resonance (SPR).

1.2.2.2. Mass-sensitive biosensors

Within mass-sensitive biosensors, acoustic wave biosensors operate on the basis of an
oscillating crystal that resonates at a fundamental frequency. The crystal element is coated with
a layer containing the biorecognition element designed to interact selectively with the target
analyte. A measurable change in the resonance frequency occurs after the binding of the analyte
on the sensing surface according to the mass change of the crystal. Most of these biosensors
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utilize piezoelectric materials as signal transducers[30]. An emerging group of mass-sensitive
biosensors are the so-called cantilever biosensors, which are based on the bending of
microfabricated silicon cantilevers[30,31]. The mass change, originating from the adsorption
of target molecules on the microcantilever surface (where receptor molecules are immobilized),
causes a differential surface stress change, and therefore a bending or deflection of the
cantilever [31]. The deflection of a few nanometers can be detected by electric or optical
methods. Micro cantilever biosensors offer various advantages due to their microscopic
dimensions (in the range of 10> mm?): only small quantities of receptor and analyte are
necessary and limits of detection achieved are often lower than those obtained by classical
methods[32]. The feasibility of mass production, real-time monitoring and operation in air,
vacuum or liquid environments, are other advantages of these biosensors[33].

1.2.2.3. Thermometric biosensors

Thermometric biosensors, finally, exploit the absorption or evolution of heat in biological
reactions. This is reflected as a change in the temperature within their action medium and is
transduced by a change in the resistance of a thermistor, which acts as a temperature transducer.
As reviewed by Ramanathan and Danielsson [34], thermistor-based calorimetric biosensors
have mainly been applied to clinical and industrial process monitoring. Up to now, only several

pesticides have been measured by thermometric biosensors.

1.2.2.4. Electrochemical biosensors

Based on the developing label-free electrochemical biosensors, there are various methods that
can be used in electrochemistry. Many electroanalytical techniques have inherent advantages
with variable purposes, and therefore may be utilized in a multitude of different fields of study,
encompassing enzyme catalysis [35], free radical generation [36], solar energy conversion [37]
and myriad of others. The main advantages of using voltammetric methods over optical
spectroscopy or chromatography include their high sensitivity, precision, accuracy and cost

effectiveness.

Concurrent with the greater knowledge of electrochemistry and a better understanding of

electrode synthesis and modification, sensors will improve considerably in terms of both
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sensitivity and detection limits. Micro- and nano-sensors will likely constitute the next

disruptive paradigm in the field of sensing and biosensing.

Types of electrochemical sensors

Electrochemical sensors can be divided into three types based on their nature and working
principle, i.e. potentiometric, conductimetric and amperometric/voltammetric sensors. Here we

briefly discuss all types but will focus more on amperometric sensors.

Potentiometric sensors

As the name suggests, potentiometric sensors measure the potential difference between a
sample solution and a reference solution with the help of a reference electrode and an indicator
electrode. The two solutions are separated by a membrane m which contains an ionophore that
is selective to target ion. The Nernst equation provides the relationship between potential

difference and target ion activity.

Where Ej is the standard potential of sensor electrode, F is Faraday's constant, T is absolute
temperature, R is universal gas constant, s is sample, z is valency of ion and a is the target ion
activity[38]. Potentiometric sensors have been widely used since 1930’s due to their simplicity
and ease of use. There are three main types of potentiometric devices used which include ion-
selective electrodes (ISE), coated wire electrodes (CWES) and field effect transistors
(FETS)[39].

The ion-selective electrode measures the activity of particular ionic species in the surrounding
solution. The principle of ISE devices is based on permselective, ion conducting membrane
which separates the electrode from outside solution. The composition of membrane is very
important for producing the ISE for particular ionic species. In working principle of ISE, the
reference electrode potential is kept constant while the potential of working electrode is
determined by the surrounding environment. The change in working electrode potential or
potential difference is considered as the concentration of the target ion[40]. pH electrode is the

best and most widely used example of potentiometric sensor, the success of this electrode lays
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in its robust nature, easy handling, reproducibility, wide range of application and cost
effectiveness [39]. Bakker and Pretsch discussed in detail the breakthrough developments in
nanoscale potentiometry, limit of detection and sensor stability[41].

Conductimetric sensors

Conductimetric sensors are based on the principle of providing sensor and information as a
result of changes in the electrical conductivity of material (used in the construction of the
sensing device) which is in contact with the analyte. Conductimetric sensors are basically non-
selective, but as a result of more precise miniaturization and surface modification, selectivity
can be improved. Conductimetric sensors do not require reference electrode for functioning and
hence reduce the cost as well as make these sensors simpler for use. Reports for different kind
of thin films modifications are available in literature mainly for the detection of gases.
Examples of these thin film modified conductimetric sensors include, Copper doped oxides are
used for the detection of H,S [42]. CH4 detection done by using Ga>0O3z semiconductor films[43],
modification by conductive polymers such as polypyrrole for volatile amine detection[44], CdS
films modification for the detection of oxygen [45] and modification by MnWO; films to be
used as humidity sensors [46].

Amperometric sensors

In amperometric sensing, the current is measured as a result of an electron transfer reaction in
a working electrode while its potential is controlled with a potentiostat. The potential can be
kept constant (potentiostatic detection) or it can be scanned between two values
(potentiodynamic detection). The principle is based on the electron transfer between the analyte
and working electrode. The basic instrumentation for amperometric sensing includes a
potentiostat and three electrodes (working, reference and counter) dipped in a suitable
electrolyte to form an electrochemical cell. The auxiliary or counter electrode is made up of an
inert conducting material such as graphite, platinum, stainless steel, etc. In amperometric
sensing the electron transfer reaction takes place at the surface of working electrode. The
reference electrode provides a reference potential to working and counter electrode[39]. A

typical amperometric sensing system and its principle is shown in Figure 1.5.
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Figure 1.5. Schematic representation of a typical amperometric sensing system.

1.2.3. Electrode modification for biosensors: Immobilization strategies

Many immobilization strategies have been reported. Main protocols can be envisioned:
adsorption, covalence, entrapment, cross-linking or affinity. In many cases, the immobilization
methods are based on combination of several immobilization methods. For these five basic

methods, a comparison is presented as following.

According to binding nature, adsorption involves weak bonds; covalent coupling is chemical
binding between functional groups of biomolecules and those on the support; entrapment is
incorporation of biomolecules within a gel or a polymer; cross-linking is bond between
biomolecules, cross linker and insert molecule; affinity is bonds between a functional group on

the support and affinity tag on a protein sequence.

The advantages of each method are: adsorption is simple, easy and there is limited loss of
biomolecules activity; covalent coupling is no diffusion barrier method, more stable and short
response time are obtained; entrapment presents no chemical reaction between the monomer

and the biomolecules that could affect the activity and several types of biomolecules can be
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immobilized within the same polymer; cross-linking is simple; affinity presents a controlled

and oriented immobilization.

For the drawbacks, for each method are: in adsorption there are desorption and non-specific
adsorption; covalent coupling leads to not regenerable matrix, coupling involving toxic product
leads to high biomolecules activity loss; entrapment leads to diffusion barrier biomolecules
leakage and high concentrations of monomer and biomolecules; cross-linking leads to high

biomolecules activity loss; affinity needs the presence of specific groups on biomolecules.

The immobilization protocols appear as a key factor to develop efficient biosensors with
appropriate performances such as good operational and storage stability, high sensitivity, high
selectivity, short response time and high reproducibility.

Immobilized biomolecules have to maintain their structure, their function, to retain their
biological activity after immobilization, to remain tightly bound to the surface and not to be
desorbed during the use of the biosensor. Moreover, an ideal biosensor has to be stable for long-
term application. The type of immobilization method affects activity and stability of biosensors.
Factors such as accuracy of measurements, the sensor-to-sensor reproducibility and operational
lifetimes are drastically influenced by biomolecules stability. Since the analytical performances
of a biosensor are strongly affected by the immobilization process, intensive efforts have been
done to develop successful immobilization strategies in order to assure greater sensitivity and
stability of biosensors. The choice of the most appropriate and judicious technique also depends
on the biomolecules nature, the transducer and the associated detection mode. The best method
of biomolecules immobilization varies if the biosensor application requires maximum
sensitivity or rather focuses on stability. Reproducibility, cost and difficulty of the

immobilization process also need to be considered.
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1.3. Chemical synthesis of silica

Introduction

Porous silica materials made by low-temperature sol-gel process are promising host matrixes
for encapsulation of biomolecules. To date, researchers have focused on sol-gel routes using
alkoxides such as tetramethylorthosilicate (TMOS) and tetraethylorthosilicate (TEOS) for
encapsulation of biomolecules. These routes lead to formation of alcohol as a by-product that
can have a detrimental effect on the activity of entrapped biomolecules. Synthesis of silica
nanoparticles have drawn great interest of research owing to their potential application in
industries (electronic devices, insulators, catalysis, etc.) and pharmaceuticals (enzyme
encapsulation, drug delivery and cell markers) [47,48]. Sol-gel process has become an
attractive research area, in which extensive studies have been made on the synthesis of silica
nanoparticles [49-51].

The encapsulation of enzymes and other proteins into inorganic host materials using sol-gel
processing has attracted considerable attention over the past few years [52,53]. This research
has demonstrated that the biomolecules immobilized in the sol-gel derived matrix retain their
functional characteristics to a large extent. These new composite materials are of interest for
their applications as optically based biosensors. The porosity of sol-gel glasses allows small
analyte molecules to diffuse into the matrix while the large protein macromolecules remain
physically trapped in the pores. The transparency of the matrix enables one to use optical
spectroscopy methods to characterize the reactions that occur in the pores of the glass. Sol-gel
materials are ideal candidates as hosts for biomolecules dopants because they are synthesized
at low temperatures under fairly mild reaction conditions [54]. The variation of synthesis
conditions has enabled researchers to tailor the sol-gel chemistry so that the encapsulation of a
variety of proteins, enzymes and other biological molecules has been reported. Among the
various biomolecular dopants studied to date are alkaline phosphatase, glucose oxidase,
cytochrome c, trypsin, urease, Cu-Zn superoxide dismutase as well as yeast cells [8, 9].
Electrochemistry has been introduced as a powerful tool in order to prepare new organometallic
reagents for functionalizing of mesoporous silica. Preparation of the reagents was based on
electrochemical oxidation of dihydroxybenzene derivatives in the presence of 3-
(trimethoxysilyl)-1-propanethiol as a nucleophile [55].
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1.3.1. The chemistry of the sol-gel process

In this thesis a study of the modification of electrodes by means of thin films of silica is carried
out by means of the sol-gel method. Sol—gel chemistry offers a flexible approach to obtaining
a diverse range of materials. It allows differing chemistries to be achieved as well as offering
the ability to produce a wide range of nano-/ micro-structures [56]. Silica exists under a wide
variety of forms, with crystalline and amorphous structure. It is a material that has been
examined exhaustively [47], both its physical and chemical properties are well known [54],
which gives it an extraordinary number of applications, such as its use in chromatography,
thermal insulation, catalysis and as support for catalysts, it is used in the reinforcement of

polymers and as a support to immobilize enzymes, among others.

Silica can be found naturally or prepared by synthetic procedures. There are three ways of silica
synthesis using silicon compounds as a precursor [57]. By pyrolytic, by the thermal
decomposition of silicon halides in the gas phase, usually between 1000 and 1100 °C in a
hydrogen and air flame. The resulting product is a silica aerogel. An alternative to this method
is the fusion of sand in plasma from soluble silicates, mainly Na SiOs. The third synthesis
method consists of the hydrolysis of alkoxysilanes in a hydroalcoholic medium, which leads to
the formation of silica after two reactions, one of hydrolysis and the other of condensation. This
method is that we will use throughout this thesis for the preparation of silica, so it will be

described in detail below.

Sol-gel method

The sol-gel method consists on the production of glass or ceramic materials, through the
hydrolysis and condensation of suitable metal alkoxides [54]. For the preparation of silica
materials, one of the most used alkoxides as a precursor is tetraethoxysilane (TEOS). This
precursor can be hydrolyzed and condensed under relatively mild conditions, as indicated

below.
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Figure 1.6. Steps of Sol-gel method for silica gel synthesis.

The hydrolysis step at acidic pH, figure 1.6, leads to a Meta stable colloidal solution (figure
1.7) at pH 2 known as sol. The second step, shown in figure 1.6, consists of the condensation

by increasing the pH of the sol, thus obtaining the gel, by colloid aggregation.
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Figure 1.7. Effect of pH on the sol-gel colloidal system. [54].
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A general flow chart for sol-gel process which leads to the production silica using silicon
alkoxides (Si(OR)as) is shown in (Figure 1.8). The general reactions of TEOS that leads to the
formation of silica particles in the sol-gel process can be written as [48-50,54,58,59]:

TEOS + H20O + solvent

(catalyst)

« Hydrolysis and condensation

Colloidal silica

* Ageing

Silica gel

¢ Drying and calcination

Bulk or silica powder

Figure 1.8. Flow chart of typical sol gel process.

In the hydrolysis step, the precursor, in this case TEOS, is mixed with water and ethanol, the
latter acts as a co-solvent, and an acid catalyst, such as for example hydrochloric acid. During
the formation of gel, the viscosity of the solution gradually increases as the sol, formed by a
colloidal suspension of small particles (1-100 nm), interconnects with each other by poly-
condensation reactions to form a rigid, porous network [54]. Depending on the conditions of
the sol-gel process (Si: H.O: EtOH ratio, type and concentration of catalyst, alkoxide
precursors, etc.), gel formation can take place in seconds, minutes, even days or months. In
addition, during drying, alcohol and water evaporate from the pores causing the gel to shrink,
for that reason, xerogels, or totally dry gels, are significantly less porous than their hydrated
counterparts. The formation of silica particles can be divided into two stages: nucleation and
growth. Two models, monomer addition [49,50] and controlled aggregation [59,60], have been
proposed to describe the growth mechanism of silica. The monomer addition model describes
that, after an initial burst of nucleation, the particle growth occurs through the addition of
hydrolyzed monomers, the (primary) particle surface. By contrast, the aggregation model
elaborates that the nucleation occurs continuously throughout the reaction and the resulting
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nuclei (primary particles) will aggregate together to form dimer, trimer, and larger particles
(secondary particles). Both models lead to the formation of either spherical or gel network
depending on the reaction conditions as shown in Figure 1.9 [60].
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Figure 1.9. Silica formation by sol gel process[60].

The silica materials are chemically and photochemically stable. They are also optically
transparent. As shown in (Figure 1.10A) [61], materials in various configurations can easily be
obtained: films, fibers, monoliths, powders, etc. In addition, functional groups can be
incorporated into the silica matrix, obtaining stable gels and modulating their properties in a
simple manner. When the groups incorporated in the silica are organic in nature (Figure 1.10B),
organically modified silica is obtained, and these compounds are known as ORMOSIL;
ORganicallyMOdifiedSILica.
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Figure 1.10. (A) Different forms of silica preparation. (B) Diagram of modification of silica
with organic groups (ORMOSIL) [61].

In the mid-1980s, it was shown that there were molecules that could be trapped in the porous
matrix, simply by doping the sol solution with these molecules, before their condensation
(gelation) [62]. It was shown that the molecules retained by the gel retained the same properties
as they were in dissolution [63]; that is when the application of sol-gel chemistry, in applications
such as sensors, catalysis and electrochemical devices, shot up [52,63-69]. The sol-gel-based
materials used in electrochemistry form a large family. They include inorganic inert materials,
metal oxides with redox activity, organic-inorganic hybrids, and macro and microscopic
compounds. Recent advances in the various fields and applications of sol-gel electrochemistry
are described in two excellent review articles, respectively, by Lev et al [70], and by Alber and
Cox [71]. Silica nanoparticles are widely applied as fillers in silica-polymer nanocomposites.
The most commonly used route for synthesizing silica nanoparticles is sol-gel method due to
its ability to produce monodispersed with narrow-size distribution nanoparticles at mild
conditions [72].

1.3.2. Electrodes modified with silica

The field of silicon-modified electrodes began in the years 1989-1990 and has been increasing

in recent years. Despite the extraordinary chemical characteristics offered by silica-based
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materials, it is quite surprising that the electrochemical use of this material is so recent. Silica
has many attractive properties (adsorption capacity, acid / base properties, thermal stability),
which can be used in many applications. Furthermore, as mentioned above, silica can be
modified with a wide variety of functional groups, which leads to considerable enrichment and
control of its surface properties. For example, these properties have been exploited to a large
extent in chromatography, designing new stationary phases. Also, the high surface area
combined with the surface chemical properties makes silica an excellent material to be used as
catalyst support. Despite all these attractive properties, the use of silica in electrochemical
methods was not generalized. The silica gels prepared by the sol-gel chemistry are interesting
materials for the modification of electrodes, and since they are not electroactive, they can be
used as support for electroactive species, either by adsorption or entrapment during its
formation, thus improving its amperometric detection [73-78]. But in the mid-90s, silica was
used as support for enzymes without impeding their biological activity and also improving the
coupling of the redox activity of the immobilized enzyme and the surface of the modified
electrode [53,64]. In particular, the advances focused on the encapsulation of enzymes in silica
materials synthesized at room temperature applying the sol-gel process.The use of silica as an
electrode modified has demonstrated great versatility in the immobilization of different species,
such as oxide films or other electroactive species. Much work in this direction has been done
by Walcarius, Kubota, Gushiken and collaborators [79-84].

In summary, the most attractive properties of silica materials are that they have great capacity
to accumulate various analytes by adsorption, silica can be modified with organic groups in a
simple way and these modifications involve the development of a wide range of new materials.
In addition, these materials serve as support for the immobilization of enzymes in the
manufacture of biosensors. But the fundamental reason for the use of sol-gel materials in
electrochemistry is the existence of multiple ways to combine the properties of inorganic

materials with a wide variety of organic compounds through ORMOSIL.

1.3.3. Organically Modified Silica

They are composite materials or hybrid materials at the atomic scale that are easily produced
by the sol-gel method, simply by the addition of molecular precursors that are capable of
undergoing the same hydrolysis and condensation reactions as the metal alkoxide. In the sol-
gel world, these materials are known by the term organosilica. Organosilica describes any

siliceous material in which the silicon atoms (some or all) are covalently bound to at least one
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carbon atom; for clarification, the term silica will be used to refer to materials that do not contain
Si-C bonds at all and ORMOSIL will be used for organically modified silica-derived materials
and which at least contains a Si-C bond. As seen above, a sol-gel silicate is formed in
accordance with a polymerization reaction between alkoxysilanes and water (hydrolysis),
followed by condensation. As can be seen in Figure 1.11, using precursors containing organic
(R) functional groups directly attached to the Si atom of the sol-gel precursor, it is possible to
prepare a wide variety of inorganic-organic hybrid materials [63] by varying the terminal group.
ORMOSIL [85] has become an attractive field of study due to the variability and flexibility
associated with its preparation method. They offer the possibility of being used in different
areas: catalysis, protective coatings and ion exchange, separation techniques (chromatography),
molecular printing, chemical sensors, among many other applications [86].
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Figure 1.11. Reaction to obtain Organic Modified Silica (ORMOSIL).

Its use in chemical sensors offers a high versatility. With these hybrid materials it is easy to
modify the sensor layers, for example, the pore size of the material, hydrophobicity, and
flexibility can be altered or a specific functional group introduced into the matrix to improve
sensor performance, including more specific and / or selective molecular recognition zones,
improve the response time, the leaching rate, etc. [87]. One of the common problems
encountered when modifying an electrode is that the reagent trapped in the sensor layer tends
to leak, to leach to the solution. Using inorganic-organic hybrid materials has shown that these

problems of unwanted diffusion have been solved [88,89].

With the inclusion of organic groups in the silica matrix the hydrophobicity of the material is

also modulated, it is also a benefit for some applications, for example, an increase in the
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hydrophobicity of the film can reduce the solubility of certain species in the matrix causing an

increase in sensor performance [87].

On the other hand, by increasing the flexibility of the matrix, more coherent layers are achieved,
avoiding cracks in the films [90]. These materials have also been used in the design of

waveguide sensors for the detection of gases [91] and vapors [92].

1.3.4. Molecularly Imprinted Silica

Molecular recognition [93] is one of the basic processes found in nature. The preferred binding
of a molecule to a receptor with high selectivity towards other structural analogue receptors can
be designed. The earliest approaches are from the 1930s in the synthetic preparation of
nanostructured materials for molecular recognition and thus explain the functioning of the
human immune system, were inspired by the contributions of Mudd [94] and Pauling [95], in
the decade of 1940. His basic assumptions were that in living systems, antibodies are
constructed by the use of molecules such as finger prints or templates. The primary structure of
any antibody would be the same, but the selectivity, that is, the difference in the conformation
of the antibody would be induced by a template molecule. When the template molecule is
removed, there remains a cavity with morphological and stereochemical characteristics related
to those of the template and is maintained to give the antibody a preference to re-link the
molecule. The description was very similar to the "key-lock™ model, used to explain the action
of enzymes in biochemical reactions. One of the great advantages of the sol-gel method is the
facility to produce thin films of high quality. The advantage is obvious, since they are thin films,
they have shorter diffusion lengths, which means that the binding kinetics of the molecule of

interest and printed sites will be faster, improving the efficiency of the sensor.

1.3.5. Electro-assisted silica deposition

The two most common configurations in which we can find sol-gel materials are: monoliths
and thin films. The monoliths are prepared by pouring the sol solution into a container, for
example, in a cuvette; and let it gel slowly [96].These materials are electrical insulators,
therefore, for their application in electrochemistry they require that the connection with the

electrode surface be narrow. To integrate sol-gel matrices into the electrode surfaces, different
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spin-coating [97,98]; dip-coating [99,100]; and spray coating, spraying [101,102] strategies are
used. These methods are simple to apply, do not require the use of sophisticated
instrumentation, and allow to control the thickness of deposited films. Normally, these
techniques achieve thicknesses ranging from 100 nm to a few mm. However, they present some
drawbacks, for example, the techniques of spin-coating and dip-coating can only be applied to
flat surfaces, this would be solved by applying the spraying technique, which in general
provides homogeneous coatings, but much thicker. The second limitation that these techniques
have is the lack of selectivity, that is, the entire surface would be covered, so if what we want
is to cover only some parts of the surface of the electrode we would have to make the coating
in several stages by lithography, first coat with a layer that would later be removed and then
cover the surface with the sol-gel film [103].

In 1999, Shacham and collaborators proposed an alternative [104] to help solve the afore
mentioned drawbacks. The basic idea is to manipulate the two steps of the sol-gel method [54],
controlling the pH electrochemically at the electrode / dissolution interface [105]. The
hydrolyzed solution, the sol, is at a pH close to 2, at this pH value the condensation occurs very
slowly. It is possible to accelerate the polycondensation by applying a negative potential in the
electrode, for electrochemical generation of the basic catalyst (OH-), responsible for the poly-
condensation, and thus generate a silica film on the conductive surface of the electrode. The
formation of the sol-gel film by the local increase in pH resembles the electrolytic deposition
of metal hydroxides, in which the reduction of H2O is caused to increase the pH locally
[106,107]. The characteristics of the film are affected by the applied potential, the
electrodeposition time, the nature of the electrode, etc. so modulating these parameters can
obtain different thicknesses, for example. The deposit is driven by the transfer of electrons,
which occur in the vicinity of the surface of the electrode, forcing the reservoir to adapt to the
surface. This allows the coating and filling of complex geometries [108]. This technique is, of
course, limited to conductive surfaces. However, the formation of gels on the electrode does
not involve electronic transfer processes, but rather acid-base reactions.The versatility of the
electro-deposit technique has been demonstrated in previous work carried out in our research
group, carrying out the modification of electrodes with silica-PSS, silica-SWCNT (single-

walled carbon nanotubes), and silica-PANI for different applications [109].
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1.4. Electrochemistry of silica gels

Electrochemical synthesis is a powerful technique for preparation of various compounds due to
its capability in controlling both chemical and electrical parameters affecting the whole reaction
[110]. Electrochemical methods can significantly contribute to the protection of the
environment through the minimization of waste and toxic materials production. Therefore,

electrochemistry is known as environmentally friendly method for synthetic attempts [111].

Electrochemistry plays an important role in sol—gel-based research [103,112—-114]. In chemical
sensor development, an electrode has often been used as the transducer to record the flow of
electrons when an analyte or reagent gets oxidized/reduced. A well-known example is the
preparation of a glucose sensor where glucose oxidase is trapped in a sol-gel-derived thin film.
Glucose in solution diffuses into the film to react with entrapped glucose oxidase to generate
hydrogen peroxide, which is then electrochemically oxidized[115]. The current flowing

through the electrode relates to the concentration of glucose in solution.

Electrochemistry is also the driving force behind the development of alternative energy devices.
A specific unique example involves the development of 3-D batteries by merging sol-gel
chemistry, templating, and electrochemistry [116-118]. In the reverse case, sol—-gel chemistry
has been invaluable to electrochemists because it provides a simple means to fabricate stable,

reusable electrodes for electroanalytical applications[119-121].

Sol-gel-derived materialshave been around for more than a century [54]. In the mid 1980s, it
was shown that molecules can be entrapped in the porous framework by simply doping them
into a sol prior to its gelation [62]. The retained molecule was shown to have many of the same
properties that it did when it was in a solution [63]. Since this time, the field of sol-gel chemistry
has exploded with numerous studies on understanding the structure and gelation of these porous
hosts, as well as their applications in the areas of chemical sensors, catalysis, and solid-state
electrochemical devices [52,63,66,68,69,122—-124].
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1.4.1. Electrodeposition of Silica-Based Films.

Silica thin films are traditionally formed via spin coating, dip coating, or spray coating a sol on
a flat surface[54,99,125]. In 1999, Mandler and coworkers showed that it is possible to use
electrodeposition to create sol-gel-based silica thin films on a conducting surface [104]. In this
case, the film was prepared from a pre-hydrolyzed sol of methyltrimethoxysilane. Hydroxide
ions were formed by application of a sufficiently negative potential to form methylated films
ranging in thickness from nanometers to micrometers. In 2003, Collinson and coworkers used
electrodeposition to create thin silica films on glassy carbon electrodes from sols prepared
solely from tetramethoxysilane [96]. Since this time, a number of other papers have been
published[126-130].

Films prepared by sols that contain a number of different alkoxysilanes including
phenyltrimethoxysilane, 3-aminopropyltrimethoxysilane, mercaptopropyltrimethoxysilane,
and a pyridine alkoxysilane precursor have been reported. Examples of conducting surfaces
(electrodes) that have been used include glassy carbon, gold, indium tin oxide (ITO), and
aluminum. To form adherent films on gold, a molecular “glue” must be used to attach the

growing silica to the gold surface [126-130].

Another method for the polycondensation of hydrolyzed silica precursors has been proposed by
Shacham et al. using the incorporation of electrochemistry into sol-gel treatment [104]. The
purpose of electroplating is to facilitate the polycondensation of soil precursors by
electrochemical pH control at the electrode / solution interface, thus allowing the kinetics
associated with the sol-gel process. From a soil solution where the hydrolysis is optimal (pH 3)
and the very slow condensation, electroplating by applying a negative potential to increase the
pH at the electrode / solution interface (Figure 1.12), thus catalyzing the polycondensation on
the electrode surfaces [130]. The thickness of the film deposited on the surface of the electrode
is affected by the applied potential, the electroplating time and the nature of the electrode [131].
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Figure 1.12. Principle of the electrochemical assisted generation of sol-gel at the surface of

the electrode

Electrochemically assisted deposition is applied to precursors other than silica such as zirconia
or Titania [132,133]. The electrochemically assisted deposition may be advantageously
combined with the surfactant template process to generate a mesoporous sol-gel ordered with a
single mesoporous orientation to the underlying support [134,135]. Organo-functional groups
[134,136].
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1.5. Ferrocene a typical transducer in biosensors

The discovery of ferrocene (Fc) brought a organometallic compound with excellent redox
properties [137,138]. Ferrocene has good thermal stability and tolerance toward oxygen due to
the interaction between the iron atom and the cyclopentadienyl ring. This interaction also
facilitates the synthesis of various ferrocene derivatives [139]. Additionally, ferrocene has a
lower oxidation potential to lose an electron on account of the oxidizability of its iron atom and
two stable redox states (ferrocene and ferrocenium) (Figure 1.13)[140]. If they are properly
designed, ferrocene derivatives and ferrocene based polymers [141], and dendrimers [142].
Which have a fast electron-transfer rate and exhibit excellent charge/discharged
properties[143—145] can be applied in molecular recognition and as electrochemical sensors.

¥ Y
& T &

Figure 1.13. Reduced and oxidized states of ferrocene.
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1.5.1. Applications of ferrocene

In the field of electrochemical detection, ferrocene has a promising application prospect in view
of its impact as a component of molecular receptors and sensing materials. The description of
the principle of ferrocene-based electrochemical detection and further discuss its design and
performances. In particular, two forms of detection, molecular recognition and sensing systems,
were specified. Ferrocene-based molecular receptors with all kinds of structures covering
derivatives, polymers, and supramolecular receptors are presented. Benefits of their structures

to the recognition behavior are compared and discussed.

In electrochemical sensors, the ferrocene containing component is used as a mediator or a label.
The architectural design, enhancement effect of additives, and the structures of ferrocene-

containing components in the corresponding sensors are discussed.

1.5.2. Examples of biosensors with ferrocene

An electrochemical reaction at the electrode / electrolyte interface is necessary to allow the
electrochemical measurement. This reaction requires the presence of a redox molecule such as
ferrocene [146], viologen [147] ormetalloporphyrin [148]; ferrocene is used as a redox mediator
to shuttle electrons between the electrode and enzyme active site [149-151]. The use of
ferrocene in the amperometric biosensor allows reversible redox reactions [152] and it has been
used in this manner for many amperometric biosensors for the determination of phenolic acids
with other enzymes [150,153]. Thus, Sulak et al. [149] used ferrocene as a mediator for the
development of an amperometric phenol horse radish peroxidase (HRP) enzyme-based
biosensor; to this is added the high cost of synthesis of certain polymers. All these problems
have oriented research towards other more profitable and less costly matrices. Some recent

examples of ferrocene based biosensing are reviewed below.

For example, Jiang et al. modified an electrode to facilitate electron transfer to glucose oxidase,
the electrode was coated with a polyelectrolyte film for the quantitative detection of glucose.
The polyelectrolyte with a ferrocenyl group were used as mediator between the redox center of
glucose oxidase and the electrode. The electrodes have high operational stability and long-term
storage stability [154].
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Kaya et al. studied the application of an amperometric glucose sensor electrode;A graphite
electrode coated with a PEDOT layer, was used as a transducer for the electrochemical
deposition of the polymer of a novel ferrocene functionalized monomer.The use of a PEDOT
layer as a working electrode has improved the location of the novel monomer on the transducer

surface while improving the performance of the biosensor [155].

Jedrzak et al. has prepared an amperometric glucose biosensor from carbon paste electrode
based on functional / silica-lignin system; For the immobilization of glucose oxidase. The
electrode used ferrocene redox mediator[156].

Dervisevic et al. built ferrocene modified conducting polymer based amperometric urea
biosensor. Based on functionalized aniline monomer on Pencil Graphite Electrode (PGE). The
polymer-coated electrode surface was functionalized with di-amino-Ferrocene (DAFc) as the
mediator, and Urease enzyme.The designed bio-electrode was tested with real human blood and
urine samples where it showed excellent analytical performance with insignificant

interference[157].

Zhou et al. developed a novel reagent-free glucose biosensor by immobilizing glucose oxidase
by grafting a dendrimer with ferrocene covalently to the surface of a carbon nanotube-modified
nanocomposite electrode. Due to the excellent electron transfer acceleration of the CNTs and
the high-content loading of the biomolecules and ferrocene mediator on the electrode matrix,
this biosensor showed excellent analytical performance such as fast response time less, wide
linear range and low detection limit as well as satisfactory stability and reproducibility toward

the amperometric glucose determination[158].

Godman et al. study the electrochemical characterization of layer-by-layer assembled
ferrocene-modified linear  poly(ethylenimine)/enzyme  bioanodes. For biofuelcells
ferrocenylhexyl- and ferrocenylpropyl-modified linear poly(ethylenimine) were used with
glucose oxidase in the layer-by-layer assembly of enzymatic bioanodes on gold [159].

Finally, Feng et al. study the development of a novel cholesterol amperometric biosensor
containing modified cholesterol oxidase and cholesterol esterase electrodes. The
electrocatalytic behavior of cholesterol in the cholesterol biosensor was studied showing high
selectivity, specificity and stability of the cholesterol sensor and applied to measure blood
samples. [160].

44



1.6. Biosensors based on alkaline phosphatase

Alkaline phosphatase (ALP) is a vital hydrolysis enzyme in phosphate metabolism, which
catalyzes the hydrolysis of phosphate ester groups in proteins, nucleic acids, and other small
molecules. Meanwhile, a normal ALP expression is associated with occurrence and

development of many diseases [161].

Alkaline phosphatase (ALP) is a hydrolase, which is responsible for the dephosphorylation
process of nucleic acids, proteins, some other small molecules [162], and has been prevalently
found in a variety of mammalian tissues, such as liver, bone, kidney, placenta, and intestine
[163,164]. The enzyme of alkaline phosphatase has a role in the biomineralization process
[165]. Alkaline phosphatases from several sources have been intensively studied at the air—
water interface [166,167]. The normal concentration of ALP in adult serum is 20-160 U
L1[168], According to previous reports, the aberrant expression of ALP is related to many
diseases, such as liver dysfunction [169], bone diseases [170], diabetes [171], and prostatic
cancer [172]. Moreover, it is also one of the most common markers in enzyme immunoassays,
gene assays, histochemical staining, and related affinity sensing methods for monitoring
proteins, nucleic acids, drugs, enzymes, and other analytes [173-177], that has been
successfully applied for the ALP analysis in the real human serum [178]. In environmental
biology field, ALP is widely used as an index parameter of phosphate anion (POs*) in
phytoplankton phosphorus limitation. ALP also has regulation ability to phosphorus
concentration for seasonal microorganism growth [179]. Therefore, a versatile, label-free,
convenient and sensitive method for ALP activity assay is of great importance for diagnostic,

analytical applications and environmental biological analysis [161].

1.6.1. The history of ALP

During the late 19th century and early years of the 20th century, researchers found that
phosphorous existed in organic and inorganic forms in living animals. The conversion of
organic to inorganic phosphate in biological systems was investigated under the coming years
by several researchers [180]. They stated that phosphatases are a separate group of enzymes
and extracted ALP from rice and wheat and referred to this enzyme as “phytase”. Plimmer[181]
investigated how this “phytase” worked in animals and could draw the conclusion that organic
phosphate was hydrolyzed to inorganic phosphate by a specific enzyme[181]. The first report
that addressed the importance of ALP for skeletal mineralization was in 1923 by Robert
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Robison [182]. Robison suggested that ALP increased the local concentration of phosphate by
hydrolyzation of organic phosphate to inorganic phosphate. The liberated inorganic phosphate
provides a substrate for mineralization that can be deposited together with calcium as HA.
Robison found high activities of ALP in bone and cartilage of young rats and rabbits and
hypothesized that hydrolysis of hexosephosphoric esters was necessary for mineralization. The
hypothesis from this article is still cited today and the article was republished in 1991 [182]. In
1924, Robison and Soames observed that the pH optimum was alkaline in vitro [182]. Soon
after Robison’s first report, this hypothesis was challenged when ALP was found in no
calcifying tissues such as liver, placenta and intestine [180]. Today, the importance of ALP in
skeletal mineralization is proven and verified by the discovery and characterization of
hypophosphatasia (HPP) [183,184]. Measuring ALP activity in serum has been of significant
clinical interest since the 1930s and high ALP activity indicates usually skeletal or hepatobiliary
disease. Still, as of today, ALP is one of the most frequently used tests in routine clinical

chemistry.

The importance of phosphate transfer reactions in biological systems is reflected by the ubiquity
of phosphate compounds. Phosphate containing compounds fulfil biologically important
multiple roles, such as being essential intermediary metabolites, genetic materials, energy
sources and reservoirs of biochemical energy [185]. Due to the low reaction rates of phosphate
ester hydrolyses the use of catalysts is required. The super-family of enzymes called
phosphatase has a biochemical machinery enabling it to hydrolyse phosphor-esters rapidly

under mild cellular conditions.

Alkaline Phosphatase catalysis hydrolysis of phosphate esters and transfer of free phosphate
groups to supply biological systems with inorganic phosphate (Figure 1.14). It catalyses the
cleavage of a phosphate groups from a variety of compounds, including Ribonucleic Acid
(RNA) and DNA and the artificial substrates [186].

0 Alkaline ow I
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Phosphate ester An alcohol Regenerated phosphate

Figure 1.14. Schematic representation of the reaction mechanism of Alkaline Phosphatase.
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1.7. P-Aminophenol transducer on ALP biosensor
Electrochemical detection of p-aminophenol

The detection of p-aminophenol in the development of immunosensors has been reported [187].
A particular advantage of p-AP is that it is electroactive, with an oxidation potential of 0.3V

[187], while its precursor, p-aminophenyl phosphate is not electroactive at this potential.

A suitable enzyme label, e.g. Alkaline Phosphatase (ALP), is bound to the target DNA by a
biotin molecule. We use p-aminophenyl phosphate (p-APP) as a substrate to start the redox
process (Figure 1.15.a). The resulting species from the enzymatic reaction is para-
aminophenol(p-AP). It has two electrochemically active groups at the benzene structure. Para-
Aminophenol is oxidized to quinoneimine and reduced as depicted in the scheme in figure
(1.15).

a) Process at the label

3-
Nllz_@— oro, T21OH, HD—Q—NH2

Alkaline
p-Aminophenylphosphate Phosphatase p-Aminophenol
(ALP)
Substrate Label

b) Redox process at the electrodes

2¢”, -2H"
HO NH, =—m—= O NH

Figurel.15. Schematic plot of the electrochemical process at the label (a) and redox

process at the electrodes (b).

In the redox reaction 2, electrons and 2 protons are involved. The electrons can be detected in
the current flow between the electrodes, the protons are exchanged within the buffer solution.

For electrochemical operation[188].
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1.7.1. Examples of biosensors with p-aminophenol

Some recent examples of biosensing based on p-aminophenol detection formed on the literature

are reviewed below.

Islam et al. developed an electrochemical microalgal bioassay for the determination of heavy
metal toxicity in water on the basis of the alkaline phosphatase (ALP) enzyme inhibition of
Chlamydomonas Reinhardtii. The ALP activity was inhibited using the phosphate starvation
method, and the results were evaluated by measuring the electrochemical oxidation of p-
aminophenol (p-AP) following the enzymatic conversion of p-aminophenyl phosphate (PAPP)
as a substrate. Enzymatic activity over a p-APP substrate is affected by heavy metal ions, and

this phenomenon decreased the chronoamperometric current signal [189].

Sharma et al. developed an electrochemical immunosensor based on the disposable screen-
printed electrodes (SPEs) for the detection of Plasmodium falciparum histidine rich protein-2
(PfHRP-2) antigen. p-aminophenyl phosphate (p-APP) was used as substrate and the
amperometric response was measured as a function of concentration of p-aminophenol in 0.1
M diethanolamine (DEA) buffer solution. The electrochemical immunosensor has higher

sensitivity and faster than the standard spectrophotometric method[190].

Microfluidic immunosensor design for the quantification of interleukin-6 (IL-6) in human
serum samples was developed by Messina et al. The detection of IL-6 was carried out using a
sandwich immunoassay method based on the use of anti-IL-6 monoclonal antibodies,
immobilized on a 3-aminopropyl-modified controlled-pore glass. The IL-6 in the serum sample
is allowed to react with the immobilized anti-IL-6 and biotin-labeled secondary antibodies
specific to IL-6.The p-aminophenol formed by alkaline phosphatase was quantified on a gold
electrode at 0.10 V. Compared with the traditional IL-6 sensing method, the integrated
microfluidic immunosensor required smaller amounts of sample to perform faster
detection[191].

Screen-printed immunosensor for quantification of human serum immunoglobulin G(1gG)
antibodies to Helicobacter pylori. The bound antibodies are quantified by alkaline phosphatase
(ALP) enzyme-labeled second any antibodies specific to human IgG. p-aminophenyl phosphate
(p-APP) was converted to p-aminophenol (p-AP), and quantified by square wave voltammetry.

The electrochemical immunosensor showed higher sensitivity and lower time consumed than
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the standard spectrophotometric detection ELISA method, demonstrate its potential usefulness

for early assessment of human serum immunoglobulinG (1gG) antibodies to H. pylori[192].

Electrochemical immunosensor for progesterone analysis in milk was developed by Kreuzer et
al. A disposable electrochemical biosensor, based on a screen-printed carbon electrode (SPE)
coated with a progesterone-prog-BSA conjugate, was prepared and evaluated. Differential
pulse voltammetry (DPV) and amperometry were used as electrochemical means to detect the
product of the enzymatic reaction [p-aminophenol(p-AP)]. The use of DPV improved the
accuracy of our measurements over conventional amperometric detection by electrode

background correction[193].

Finally, a novel electrochemical immunosensors for seafood toxin analysis was described by
Kreuzer et al. on a screen-printed electrode (SPE) system for measurement of a variety of
seafood toxins, such as okadaic acid, brevetoxin, domoic acid and tetrodotoxin. A disposable
screen-printed carbon electrode coupled with amperometric detection of p-aminophenol,
produced by the label, alkaline phosphatase, was used for signal measurement [194].
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2.1. Introduction

This chapter presents the different techniques, reagents and materials used during this PhD
thesis work. It also describes the functionalization techniques used for the preparation of the
new materials. Nevertheless, the specific experimental conditions will be explained in detail in

each chapter.

2.2. Characterization techniques

2.2.1. Electrochemical techniques

There exist a large number of electrochemical techniques which are available for

characterization.

In order to perform the electrochemical measurements that are shown in this work, a standard
three electrode cell was used. The cell is filled with an electrolyte in order to ensure sufficient
conductivity, it consists of a reference electrode (RE); working electrode (WE), which
corresponds to the material to be measured; and a counter electrode (CE) which is an inert

material with high surface area.

Electrochemical techniques allow the analysis of the processes that occur on the surface of an
electrode (working electrode, WE) submerged in an electrolyte. The fundamental information
of this technique is given by the amount of electrical current (i) that passes through the electrode

in response to a stimulus, at a certain time scale.

The stimulus referred to is a potential difference (AE) applied with respect to another electrode
(non-polarizable electrode, reference electrode, RE). The current measured on the electrode has
a double origin, since it can come from either i) the migration of ions to compensate fixed
charges on the surface of the electrode (capacitive phenomena), or ii) molecules that experience;
an oxidation-reduction reaction as a result of the applied electrochemical potential (faradic
phenomena).
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2.2.1.1. Electrochemical cell with three electrodes

Besides the working electrode electrochemical measurements require the use of two auxiliary
electrodes in addition to the electrode to be characterized. These are carefully selected to
achieve optimal analysis conditions:

- To circulate current, a second electrode submerged in the solution is required (counter-
electrode, CE). A complementary reaction to the WE takes place that closes the transit of
charges through the system. Generally it is an inert material whose electrochemical reactivity
does not involve the dissolution of metal ions, being the Pt, the Au and the inert carbonaceous

materials common candidates to perform this function.

- For a suitable control of the potential applied to the WE, a third electrode (reference electrode,
RE) is necessary. Although it is true that to apply a potential difference only the presence of
two electrodes in a solution is necessary, the control over the electrochemical potential
experienced by a particular electrode (WE) can only be established with precision when on the
second electrode (RE) ) no current flows.

Among the most common reference electrodes are the reference electrodes of Hz (g) in which
H> is bubbled over a Pt electrode immersed in a solution with electrolyte support (Normal
Hydrogen Electrode, NHE, for pH = 0 and Reversible Hydrogen Electrode, RHE for pH equal
to that of the working solution); second-species electrodes such as Ag / AgCl and calomel (Hg
/ Hg2Cl2) generally submerged in concentrated solutions of NaCl or KCI; and finally the
electrodes called pseudo-references for having a sensitive potential to working conditions, the

most typical being an Ag wire which is directly immersed in the working electrolyte.
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Figure 2.1. Electrochemical cell of three electrodes.

As can be seen in figure 2.1, in addition to the three electrodes already described, a gas pin is
used to eliminate oxygen dissolved in solution by purging N2 (g). This is usually done through
a constant bubbling for at least 10 minutes before starting the experiment, and then it is passed
to keep the internal environment of the cell purged with N2, with the aim of maintaining an inert

atmosphere during the electrochemical measurements.

Another common accessory is the Luggin capillary equipped with a key that allows the
reference electrode to be kept in a small compartment saturated with Hz (g) and oblivious to
possible changes in the composition of the solution. The use of a Pt wire as part of the reference
system suggests filling the Luggin with a solution that only contains the supporting electrolyte
and is free of any species that can react on the surface of the metal. This accessory is dispensable
if Ag / AgCl, calomel or pseudoreference electrodes are used.

2.2.1.2. Cyclic voltammetry (CV)

Cyclic voltammetry is a very useful technique for assessing the electrochemical behavior of an
electrode. It is possible to get information about electrochemical reactions, thermodynamics of
redox processes, and kinetics of electron-transfer reactions, capacitive currents, and adsorption

processes, among others.

55



WE

CE (Pt) Bl RE (Ag/AgCl)
N g
N
> 1
Electrolyte

Figure 2.2. Scheme of a three electrochemical cell.

Cyclic voltammetry experiments consist in a linear scanning of the potential of a working
electrode. In the experiment, the current flowing through the WE is measured during a potential
change with time using a constant potential scan rate [195]. The applied potential to the WE is
measured against the RE and the CE closes the electrical circuit for the current to flow. At the
beginning, the WE is held at an initial potential Ei, where no reaction occurs, usually at the
open circuit potential. During the measurement, the potential of the WE is changed linearly at
a specific scan rate v between two potential limits (E1 and E2) and in reverse order using the
same conditions. The current passing from the WE to the CE is recorded as function of the
potential. Figure 2.3 shows the theoretical cyclic voltammetry measurements of potential vs.

time and current vs. potential (cyclic voltammogram).
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Figure 2.3. Cyclic potential sweep (left) and the resulting cyclic voltammogram (right).

The response of each material is different and depends on the combined action of capacitive
currents delivered during the formation of the electrical double layer over the surface of the
electrode and possible redox reactions (it can also imply the modification of the electro-activity
of the electrode) that can occur on the electrode surface.

2.2.1.3. Chronoamperometry (CA)

Chronoamperometry is very useful for the quantitative analysis of different capacitive and
redox processes. Figure 2.4 shows a schematic chronoamperometric experiment of potential vs.
time and current vs. time. Chronoamperometry usually involves stepping the potential of the
working electrode from the initial potential Ei to a potential E1 at which usually a faradic
reaction is occurring. Then, the response of current with time reflects the change in the reaction
rate occurring at the surface of the working electrode. It is important to note that capacitive
currents related to the formation or modification of the double layer will appear at the beginning
of the potential step, being the main contribution at short times. After such time, the faradic

current will be the most important contribution to current.

Chronoamperometry is widely used in sensors application in order to correlate the measured
current and the amount of an analyte dissolved in the electrolyte when a potential is applied to
the electrode [196]. If a steady state can be established, the final current will correspond to a

specific concentration. When a known amount of analyte is added to the electrolyte, it will be
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possible to make a calibration curve where steady state currents are plotted versus different

concentrations of the analyte.

oY) PO

Figure 2.4. Chronoamperometry experiment. Potential- time profile (left) and the resulting

response of the current as a function of time (right).

2.2.2. Spectroscopic techniques

2.2.2.1. X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectroscopy is a quantitative detection technique useful for
determining the elemental composition, the chemical species and their oxidation states on the
surface of a material. This technique is considered as a surface characterization technique due

to its low penetration power (1-3 nm) [197].

The technique consists in the determination of the kinetic energy of the emitted electrons when
the samples are irradiated with a monochromatic X-ray beam. The irradiation can produce the
emission of valence or inner layers electrons from the sample atoms. The electron emission has
a specific kinetic energy which is related to the electron configuration of the elements and
consequently to the binding energy of the ejected electron. The binding energy can be calculated
from the energy of the X-ray source by subtracting to the energy of the incident radiation, the
kinetic energy of the emitted electron and the work function, which is a characteristic of the
apparatus and the sample [198]. The obtained spectrum shows the number of counts or intensity

recorded in a range of binding energies. Generally, the binding energy increases for the higher
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oxidation states of the elements, and these changes can be seen as a shift of the binding energy

of the intensity peak.

The experimental setup has an X-ray source, an electron detector and the energy analyzer. All
the experiments are performed at ultrahigh vacuum (5 x 10-/ Pa) in order to avoid the collision

between the ejected electrons and residual molecules, which can affect the signal quality.

The surface composition and oxidation states of the species in the materials were studied using
a VG-Microtech Mutilab 3000 spectrometer and Mg Ka radiation (1253.6 eV). The C1s peak
position was set at 284.6 eV and used as reference to shift the position of the whole spectrum.
Deconvolution of the XPS N1s spectra was done by least squares fitting, using Gaussian-
Lorentzian curves, while a Shirley line was used for the background determination. The
deconvoluted N1s peaks were assigned to different surface groups and the oxidation states of

nitrogen according to those described in previous works [199].

2.2.2.2. Fourier transformed infrared spectroscopy (FTIR)

In infrared spectroscopy the vibrational spectrum of a compound is obtained by exposing the
sample to infrared radiation and recording the variation of absorption with frequency. FTIR
spectroscopy uses a Michelson Interferometer that produces an interferogram from the splitted
beam, which contains information about the whole range of IR frequencies coming from the
source. The analysis of the interferogram resulting from the interaction with the sample permits
to obtain the IR spectrum. To do this, the interferograms in the time domain are mathematically
treated using the Fourier Transform in order to determine the absorption of the sample at each
wavelength [200].

In the experiment, after the signal is processed, the spectrum of the absorbed/transmitted IR
radiation fraction as a function of the frequency or wavenumber is obtained. Bands will appear
at certain wavelengths where the sample has absorbed IR radiation. This absorption of IR
radiation is related to the excitation of the different vibrational modes of a molecule and
different bands will appear depending on the specific chemical bonds in the sample, which

allows to identify the species in the material.

In this work, the equipment used in the characterization of silica materials was a Nicolet 5700

spectrophotometer with deuterated triglycine sulfate detector (DTGS) and Fourier transform.
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2.2.3. Microscopic techniques

2.2.3.1. Transmission electron microscopy (TEM)

In transmission electron microscopy (TEM), a thin sample is irradiated with an electron beam
of uniform current density, whose energy is within the range of 100 to 200 keV. Part of these
electrons are transmitted, another part is scattered and another part gives rise to interactions that
produce different phenomenon such as light emission, secondary electrons and Auger, X-rays,
etc. The transmission electron microscope uses the transmission / dispersion of the electrons to
form images [201] the diffraction of the electrons to obtain information about the crystalline
structure; and the emission of characteristic X-rays to know the elemental composition of the
sample (chemical composition, phases or mixture of phases).

A condition for the transmission of electrons through the sample is that it is thin, that is,
transparent to electrons. It is recommended not to use samples of more than 10 nm in thickness

since the smaller the thickness of the sample, the better the quality of the images obtained.

The simplest electron microscopes consist of two imaging lenses much like conventional optical
microscopes. The illumination comes from cannon of electrons emitted by a filament of W or
LaB6. The electrons are accelerated by applying a negative potential (100 - 100 kV) and focused

by two condensing lenses on a thin sample, transparent to the electrons.

After passing through the sample the electrons are picked up and focused by the objective lens
within an enlarged intermediate image. The image is further enlarged thanks to the projecting
lenses, which control the magnification of the image on the fluorescent screen. The final image

is projected on a fluorescent screen or a photographic film.

The preparation of the samples consists in the dispersion of the latter in ethanol. Subsequently,
the dispersion is deposited on a carbon or metal grid and is introduced directly into the

microscope.

In the present work we used the JEOL 120 kV transmission electron microscope model JEM-
1400 Plus. The source of electrons used consists of a hot filament of tungsten that, by thermionic
effect, emits electrons, which are accelerated by a potential of 100 to 200 kV. A resolution
between lines of 0.2 nm and between points of 0.38 nm is obtained. The camera of acquisition
of images is of the brand GATAN model ORIUS SC600. It is mounted on axis with the

microscope at the bottom and is integrated into the image acquisition and treatment program
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GATANDiIgitalMicrograph 1.80.70 for GMS 1.8.0. The equipment used is installed in

Technical Research Services of the University of Alicante.

2.2.3.2. Scanning electron microscopy (SEM)

Scanning electron microscopy is a technique that allows the visualization of the morphology of
solid samples on the physical limit of the optics, allowing a resolution of a few thousand A,
depending on the nature of the sample [202]. The technique employs a source of electron
emission, usually tungsten or lanthanum, and an accelerated electron beam of between 5 and
30 keV. This consists, mainly, in sending a beam of electrons to the surface of the sample and,
by means of an appropriate detector, to register the secondary electrons and backscattered. The
beam moves on the sample by scanning in the X and Y directions, so that the intensity of the

image varies at each point with the intensity of the electron beam generated on the surface.

The electrons torn from the atoms of the sample, product of the bombardment of electrons of
the primary beam, are called secondary electrons. These provide information about the surface
topography and it is the signal with which an image of the sample is obtained. Due to the low
energy of the secondary electrons (less than 50 eV), in their trip towards the outside of the
sample they lose energy by different interactions, so that only those that are very close to the
surface have some probability of escaping the material and get to the detector. Therefore, the
signal of the secondary electrons comes from the same surface and from a very small area below

it, around a few nanometers (of the order of 5 to 10 nm).

On the other hand, being low energy electrons, they can be easily deviated from their initial
emergent trajectory, and information can be obtained from areas that are not in view of the
detector. This particularity is fundamental to grant this signal the possibility of providing

information "of relief".

Electrons that bounce elastically on the surface are called backscattered electrons. Its energy is
greater than 50 eV and the depth of the site from which they come (of the order of hundreds of
nanometers) is greater than that of the secondary electrons. The intensity of the signal of
backscattered electrons, for a given energy of the beam, depends on the atomic number of the
atoms of the material. This fact allows, from differences in intensity, distinguish phases of

material of different chemical composition, although there is no difference in topography
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between them. The zones with the highest atomic number (Z) will be darker than the zones with

the smallest atomic number. This is the main application of the backscattered electron signal.

Samples that are to be analyzed by scanning electron microscopy must be dried before being
introduced into the microscope; otherwise the low pressure in the microscope will cause water
(and other volatile liquids) to evaporate, violently leaving the sample, altering the structure of
it. When it is desired to visualize a sample in a scanning electron microscope, it must be
conductive since, if not, it is charged during the irradiation by a load accumulation that diverts
the electronic beam and, as a consequence, distortions appear in the image. One solution to this

problem is to coat the sample with a conductive film, with a thickness between 10 and 25 nm.

The choice of the material with which the sample is to be coated depends mainly on the study
that is going to be carried out. Thus, for the observation of secondary electron images, gold and
gold-palladium are the materials that offer the best results; being heavy elements, they produce
more emission. When it is intended to perform a micro analytical study, it is advisable to use
carbon. The low atomic number of this element makes it practically transparent to the X rays
emitted by the sample. Aluminium, chromium, etc. are also sometimes used. It is also important

that the sample is not covered with a material that is part of it.

The scanning electron microscope used in this work is of the brand JEOL JSM-840, installed
in Technical Services of Investigation of the University of Alicante. This equipment consists of
a detector of secondary electrons type scintillate photomultiplier with resolution of 4 to 3.5 nm

and a backscattered electron detector type Si P-N with resolution of 10 to 5 nm.

2.2.3.3. Scanning electron microscopy of field emission (FESEM)

The field emission scanning electron microscope (FESEM) is an instrument that, like the SEM
microscope, is capable of offering a wide variety of information from the sample surface, but
with higher resolution and a range of energy. Much older the operation is the same as that of a
conventional SEM; an electron beam is swept on the surface of the sample while on a monitor

the information that interests us is displayed based on the available detectors.

The biggest difference between FESEM and SEM lies in the electron generation system. The
FESEM microscope uses as a source of electrons a field emission cannon that provides much
focused high and low energy electron beams, which greatly improves the spatial resolution and

allows working at very low potentials, from 0.02 to 30 kV, allowing us to observe electron
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beam sensitive samples without damaging them and minimizing loading effects. Another very
remarkable feature of the FESEM microscopes is the use of detectors inside the lens. These
detectors are optimized to work at high resolution and very low acceleration potential, which is

why they are fundamental to obtain maximum performance from the equipment.

The equipment installed in Technical Services of Investigation of the University of Alicante
and used in this thesis is a scanning electron microscope of emission of field (FESEM) mark
ZEISS model Merlin VP Compact equipped with a system of microanalysis by EDX brand
BRUKER model Quantax 400 The resolution it reaches is 0.8 nm at 15 kV and 1.6 nm at 1 kV.

2.2.3.4. Thermogravimetric techniques

Thermogravimetry (TG) is defined as the technique in which the weight of a sample is measured
against time or temperature while the sample is subjected to a temperature controlled program

in a specific atmosphere [203].

The temperature program can be kept at a constant temperature (isothermal), heating at a
constant speed (the most usual next to the isotherm), cooling or any combination of them. The
usual thing is that there is a loss of weight but it is also possible that there is a gain of it. The
atmosphere can be static or dynamic at a given flow rate (reduced pressure conditions are also

used) and the most common gases are Ny, air, Ar, CO2, Ha, Cl, or SO are also used.

A fundamental characteristic of the TG is that it only allows to detect processes in which there
is a variation of weight such as decompositions, sublimations, reduction, desorption,
absorption, etc. while it does not allow studying processes such as mergers, phase transitions,
etc.

Thermal methods often require complementary analysis by other techniques for a complete
understanding of the processes that are occurring, even the simplest ones. The thermal methods
most used simultaneously with TG are differential thermal analysis (DTA) and differential
scanning calorimetry (DSC), giving rise to TG-DTA and TG-DSC techniques. On the other
hand, the products released in a thermogravimetric analysis can be analyzed by any analytical
method: the gases can be separated by means of a gas chromatographic column; they can be
analyzed by infrared spectroscopy (TG-IR) or by mass spectrometry (TG-MS).
In this thesis the different samples of silica were analyzed using thermogravimetry coupled to

a mass spectrometer.
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2.2.3.5. Thermogravimetry coupled to mass spectrometry (TG-MS)

Mass spectrometry is a great technique for the identification of gases and vapors. If a gaseous
sample is introduced into a mass spectrometer under high vacuum conditions (of the order of
10-6 mbar) the molecules can be ionized in different ways, for example by impacts with high-

energy electrons accelerated by a difference of potential of the order of 70 V:

M+e > Mt +2e”

The species M *is the molecular ion, usually a radical cation with an unpaired electron. With
such high energy, there is a high probability that the molecular ion will split into an ion fragment
of smaller mass and a neutral fragment. The fragmentation pattern is characteristic of the

molecule studied and can be used as a kind of fingerprint [204].

The equipment used is the one that is in Technical Services of Investigation in the University
of Alicante, treats of a team of TG-DTA of the mark METTLER TOLEDO model TGA /
SDTA851e/ LF /1600, able to work between room temperature and 1600 ° C. As for the Mass
Spectrometer, it is a quadrupole team of the brand PFEIFFER VACUUM model
THERMOSTAR GSD301T with a mass range of up to 300 amu, with a SEM detector

(electronic multiplier).

2.3. Experimental methods

2.3.1. Cleaning of glass material

In cyclic voltammetry the cleaning of the glass material that is in contact with the solutions is

quite important. The cleaning protocol is as follows:

The glass material is immersed in a concentrated acid solution of KMnQO4 for about 12 hours.
The recipe for preparing the oxidant solution is the following: 30 g of KMnO4 + 5 mL H2SO4
(98%) in 2 L of H20. In this way it is possible to oxidize the organic matter present to simpler

species to be eliminated.
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The glass material is then removed from the oxidant mixture and rinsed with an acidic H20:
solution. With this solution, the remains of MnQOjs- that have not reacted are reduced. Then the
material is washed with abundant ultrapure water (18.2 MQ ¢ cm) to eliminate salts, residues

and oxidation products.

After the washing, the glassware is boiled repeatedly in heating plates or in microwaves with
ultrapure water, thus eliminating substances that may still be adhered to the walls of the

material. Finally, the material is rinsed with ultrapure water and it is ready to be used.

2.3.2. Pre-treatment of electrodes

Another important aspect in voltammetry is the conditioning of the electrode surface. Specular
finishing surfaces are generally desired in both metallic and carbonaceous electrodes, in order
to minimize the real area and with it the contribution of the double capacitive layer in the

voltammograms. Polishing is therefore the classic pre-treatment for disco electrodes.

The polishing protocol comprises a series of steps consisting of the use of diamond or alumina
suspensions of progressively smaller particle size. It is usual to start with suspensions with a
grain size of 1 um, to later refine with finer particles of the order of 0.5 or 0.25 pm. The last
polishing will be followed by a thorough sonication of the electrode (5-10 minutes) to detach

those Adhered residues during polishing.

In the case of polishing with alumina, said ultrasonic washing is carried out in an alkaline
solution (0.01 M NaOH) to favor the solubilization of possible embedded grains. In the case of
vitreous carbon electrodes, if the material is very porous as it happens with certain batches, the
polishing is not enough to regenerate a clean surface after a previous use. In this case it is
preferable to use wet grinding with fine sandpaper (grain 400 or 1000). Occasionally, it is
possible to use pliers to remove the outer portion of the rod, after which it is essential to use

sandpaper to generate a new smooth surface.

2.3.3. Solutions, reagents and electrodes
The water used for the preparation of all solutions was obtained from an ELGA Lab Water

Purelab system with a resistivity of 18.2 MQ ¢ cm measured at 25 ° C. The electrolytes used
were solutions of sulfuric acid (H2SO4, 98%) supplied by Merck, and solutions buffered at pH=
7 prepared with potassium dihydrogen phosphate (KH2POa, 99.5%) and dipotassium hydrogen
phosphate (K2HPO4, 99.8%), reagents supplied by Merck and Sigma-Aldrich, respectively.
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The working solutions were deoxygenated before the beginning of the experiments by bubbling,

for about 15 minutes, nitrogen gas (99.999%) supplied by Air Liquide.

The reagents used were: tetraethoxysilane ( 98%), methyl triethoxysilane (MTES, 99%), n-
propyl-triethoxysilane (PrTES, 98%), octyltrimethoxysilane (OTMS, 96%), phenyl-
triethoxysilane (PhTES , 98%), ethanol (99.95%), supplied by Sigma-Aldrich; potassium
chloride (KCI, 99%), and hydrochloric acid (HCI, 37%) supplied by Merck, potassium
permanganate (KMnO4, 99%), hydrogen peroxide (H202, 20%) supplied by VWR
International, Para-aminophenol-hydrochloride, Fe(CN)s*- , Ferrocenium hexafluoro-
phosphate supplied by Sigma-Aldrich.

For the polymerization of poly (3,4-ethylenedioxythiophene) (PEDOT) were: the monomer 3,4-
ethylenedioxythiophene (EDOT, 97%) which was subsequently dissolved in a dispersion of
sodium polystyrenesulfonate (PSSNa), both supplied by Sigma- Aldrich.

The reagents necessary for the preparation of the silica used in the electrodeposition
weretetraethoxysilane (TEOS, 98%) ethanol (EtOH, 99.95%), supplied by Sigma-
Aldrich,potassium chloride (KCI, 99%), and hydrochloric acid (HCI, 37%) supplied by Merck.

The working electrodes used were a platinum polycrystalline electrode, vitreous carbon rods
(geometric area = 0.07 cm?) supplied by Carbone Lorraine, model V-25. As auxiliary electrode
a platinum wire was used and as a reference electrode a reversible hydrogen electrode (RHE),
bubbling hydrogen gas (99.999%) supplied by Air Liquide.
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3.1. Introduction

Electrode surface modification with accurate control of the building blocks is able to produce
integrated molecular systems with extended applications in electroanalysis [205-207]. The use
of these modified materials spread out during the last years and, particularly, the sol-gel route
offered the opportunity of preparing ceramic-like films under rather mild conditions [61,208].
This soft-chemistry synthesis enhanced the possibility of incorporating temperature sensitive
biomolecules, such as enzymes to the silica host layer, resulting in very stable hybrid materials
useful for bioanalytical purposes [209].

The surface modification with silica gels is typically performed by coating the electrode with
thin films obtained from a sol, which is obtained by the hydrolysis of metal alkoxyde precursors
in water/alcohol solutions by conventional techniques such as spin or dip coating or, even, by
electro-assisted deposition [210,211]. In this latter method, electrogenerated hydroxide ions
trigger the polycondensation of the hydrolysed precursors producing films with very controlled
properties, including mesoporous assemblies or compact molecularly imprinted structures,
which are useful for the encapsulation of electrocatalytic species [103,211-213]. Silica is an
intrinsic dielectric material whose weak electrochemical properties (electroactivity, electron
conductivity) can be enhanced by the incorporation of chemical modifiers such as carbon
nanomaterials, metal nanoparticles or conducting polymers giving rise to the so-called hybrid
silica materials [214,215]. Particularly, conducting polymers are very interesting components
for several applications because of their tuneable properties. For example, polyaniline can be
grown through porous sol—gel silica films by electrochemical reactive insertion. Silica favours
the fast growth of polymer due to confinement effects of oligomeric species formed upon
oxidation [216]. These silica—PANI hybrids show enhanced electrochemical capacitance, since
silica matrix avoids the electric collapse between vicinal conducting fibres but allow the
diffusion of ionic species in contact with the conjugated polymer [210]. The modulated
permselectivity of silica for electroactive species turns into an ability to discern between
positively and negatively charged species and, accordingly, this material can be used as
preconcentration agent in electrochemical sensing [217]. The improved electrochemical
properties of silica-conducting polymer hybrids were used to develop electrodes for direct
electrochemistry of cytochrome c, cyt ¢, encapsulated within a silica film. The electrochemical

insertion of poly(3,4-ethylenedioxythiophene) doped with poly-(styrenesulfonate), PEDOT—
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PSS, through the silica pores connects electrically protein molecules, giving rise to a 3-fold
enhancement in the cyt c electrochemical reduction rate [213]. This material has been also
employed in sensor devices because of its outstanding properties. For example, organic
PEDOT-based electrochemical transistors were used for the simultaneous detection of glucose
and lactate [218] and voltammetric sensors based on the same material were used to determine

neurotransmitters [219] glucose [220] or cytochrome ¢ [221] in aqueous medium.

PEDOT-PSS is commercially available in the form of suspensions for a straight forward surface
modification. However, it can be deposited on suitable electrodes by electrochemical
polymerization for a better control of the film properties (morphology, thickness, etc.). Since
the solubility in water of EDOT monomer is rather low, the addition of a surfactant is usually
required. We will make use of PSS, which acting also as a polyelectrolyte, provides sufficient
ionic conductivity to the aqueous solution. After electrochemical deposition, PSS remains

within the structure of polymeric PEDOT as the doping agent [222].

PEDOT can be applied as the transducer element of biosensors where oxygen-containing
species, such as peroxides, can act as mediators for the charge transfer from redox enzymes
[223,224]. Additionally, this polymer has been used to develop second-generation biosensors
that incorporate redox species as mediators (quinones, ruthenium complexes, ferrocene,

ferricyanide, etc.) to perform the electron transfer.

Among the available redox mediators, ferrocene derivatives received attention. Ferrocene is
commonly classified as an outer-sphere redox probe, which is considered to lack any adsorption
step and to show low reorganization energies upon redox transitions [225]. For those reasons,
ferrocene has been used routinely to investigate electron transfer kinetics in chemically
modified electrodes [226,227]. Besides, ferrocene has been employed in the development of
efficient biosensors [228,229] and also to induce electron transfer from PEDOT films to glucose

oxidase or horseradish peroxidase, among other enzymes [230,231].

The present work focuses on the electrochemical synthesis of modified electrodes containing
PEDOT-PSS films and their application to the study of ferrocene redox reactions. In this way,
the electrocatalytic performance of PEDOT-PSS modified electrodes will be tuned by inserting
this conducting polymer within electrodeposited silica matrices and, afterwards, the

electrochemical performance of the hybrid material will be explored for ferrocene redox
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processes. All the electrode modifications will be performed, exclusively, by electrochemical

methods.

3.2. Experimental part
Reagents used in this work were tetraethyl orthosilicate (TEOS, Sigma-Aldrich, reagent grade),

ethanol (EtOH) (Sigma-Aldrich, p.a.), potassium chloride (Merck, p.a.), hydrochloric acid
(Merck, reagent grade), sulfuric acid (Merck, p.a.), 3,4-ethylendioxythiophene (EDOT)
(Sigma-Aldrich 97%), poly(sodium 4-styrenesulfonate) (PSS) (Sigma- Aldrich p.a.) and
ferrocene (Sigma-Aldrich, p.a.).

All solutions were prepared with purified water obtained from an ELGA Lab Water Purelab
system (18.2MQ cm). Electrochemical experiments were performed in conventional
electrochemical glass cells. The working electrode was a glassy carbon rod (GC, geometric
area=0.07 cm2, Carbone Lorraine, model VV-25). The current densities expressed are referred to
that geometric area. The GC electrode was carefully polished with emery paper and
subsequently rinsed with ultrapure water. A platinum wire was employed as counter electrode,
and a reversible hydrogen electrode introduced in the same electrolyte solution placed in Luggin
capillary was used as reference electrode. Electrochemical experiments were performed with
an eDAQ Potentiostat (EA163 model) coupled to a EG&G Parc Model 175 wave generator and

the data acquisition was performed with a eDAQ e-corder 410 unit (Chart and Scope Software).

EDOT electropolymerization was carried out in aqueous medium prepared by dissolving 1.46
g PSS in 10.0 mL ultrapure water, 53 uL. EDOT monomer were then added and the resulting

solution was stirred in an ultrasonic bath for 30 min.

The precursor solution to synthesize silica was 6 mL of TEOS (0.0269 mol), 8.2 mL of EtOH
and 5.8 mL of a solution 0.01M HCI+0.46M KCI (this salt was added to provide conductivity
to the solution). This mixture was stirred for one hour in a close vial. The silica was obtained
by electrochemical methods on glassy carbon (GC) rods. The electrode was immersed in that
solution and connected to the negative terminal of a power source. A constant current of —2.5
mA cm—2? was applied to trigger the reduction of water and an increase in the pH near the
electrode, causing the transition of silica to gel. This current was applied for 1 min. A Pt wire
was used as the anode in this set-up. After silica deposition on GC, the electrode was rinsed
with ultrapure water and kept humid (in hydrogel state).
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The surface morphology of modified glassy carbon electrodes was studied by field-effect
scanning electron microscopy (FESEM, ZEISS model Merlin VP Compact). X-ray
photoelectron spectroscopy (XPS, KALPHA, Thermo Scientific) was used to analyse the
surface composition. All spectra were collected using Al K radiation (1486.6 eV),
monochromatized by a twin crystal monochromator, yielding a focused X-ray spot (elliptical
in shape with a major axis length of 400 um) at 3 mAx12 kV. The alpha hemispherical analyser
was operated in the constant energy mode with survey scan pass energies of 200 eV to measure
the whole energy band and 50 eV in a narrow scan to selectively measure individual elements.
XPS data were analysed with Avantage software. A smart background function was used to
approximate the experimental backgrounds, and surface elemental compositions were
calculated from background-subtracted peak areas. Charge compensation was achieved with
the system flood gun that provides low-energy electrons and low-energy argon ions from a
single source. The experimental curves were adjusted using a combination of Lorentz (30%)

and Gaussian (70%) functions.
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3.3. Results and discussion

3.3.1. Electrochemical synthesis of PEDOT-PSS films
Figure3.1 shows cyclic voltammograms recorded for a glassy carbon (GC) electrode in the

course of EDOT monomer oxidation in aqueous solution containing PSS as the electrolyte.
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Figure3.1.(A) First cyclic voltammogram (B) Successive cyclic voltammograms obtained for

a GC electrode in EDOT aqueous solution containing PSS. Scan rate50 mVs™.

During the first forward scan, the current density is almost zero within the potential region
comprised between 0.4 and 1.5 V. The monomer oxidation starts at around 1.6 V and

proceeds with fast electrochemical kinetics, as deduced from the high slope of the j-E curve.
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In successive potential cycles, the progress of a current plateau between 0.4 V and 1.5V

reveals the capacitance-like response of the deposited PEDOT-PSS film, while the polymer

mass can be readily determined at any time from its double-layer charge, assuming a value of
70 F g1 for the specific capacitance [213,232].
A B

Figure 3.2. FESEM images of PEDOT-PSS films deposited on GC electrodes. Mass of
polymer: (A) 46.5ugcm?; (B) 202ugem2; (C)and(D)815ugem2

The surface morphology of deposited PEDOT-PSS films was examined with the aid of a field
emission SEM device. Figure 3.2 shows micrographs obtained for different electrodes with
increasing mass of deposited polymer ranging between 46.5 and 815 pg cm 2. All films cover
uniformly the whole surface of the GC substrates, although they can be observed more clearly
when larger amounts of polymeric material are deposited (Fig. 2B—D). Some crack-like defects,
particularly those appearing in Figure3. 2C and D, are generated by the drying process. It is
worth mentioning that the surface homogeneity of these PEDOT-PSS films contrasts with some
literature data. For example, it was reported either a granular aspect when the material is
deposited from organic solvents[233] or an aggregated, cauliflower-like, structure when it was

deposited from aqueous solutions on gold substrates [234]. The favourable interaction between
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carbon support and polymer layer seems at the origin of the smoother morphology shown by

our samples.
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Figure3.3. High resolution XPS spectra acquired for: (A) C1s region; (B) O 1s region and (C)
S 2p region of a PEDOT-PSS film (202ugem2) deposited on GC. (D) Sulfonate-to-EDOT
ratio obtained from the S 2ps/, signals for electrodes covered with different amounts of
deposited PEDOT-PSS.

High resolution X-ray photoelectron spectroscopy (XPS) has been employed to characterize the
chemical structure of PEDOT-PSS coatings. A glassy carbon electrode covered with a mass of
deposited polymer close to 202 pg cm 2 (as in Fig. 3.2B) was transferred to the UHV chamber,
where C, O and S spectral regions were analysed. The recorded C 1s core level spectrum is
depicted in Figure 3.3A, where three main contributions at 284.5, 285.5 and 286.8 eV can be
clearly distinguished. The peak at lower binding energy corresponds to carbon located either in
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the aromatic backbone of PEDOT or at the phenyl moieties of PSS. Besides, the contribution
at 285.5 eV is originated from C atoms directly bound to S atoms, as those present in both
EDOT and PSS units. Finally, the high energy element at 286.8 ¢V can be assigned to C-O-C
structures present at EDOT moieties [235-237].

Regarding the O 1s signal (Figure 3.3B), it can be deconvoluted into two major contributions
at 531.5 and 533.1 eV. The peak at lower binding energy is consistent with the presence of PSS
sulfonate groups [236], whereas the 533.1 eV peak relates to those oxygen atoms present at the
dioxyethylene bridge in EDOT units and also to a high binding energy contribution of PSS
[238].

Finally, the S 2p region of the photoelectronic spectrum is shown in Figure 3.3C. It is
characterized by the presence of two major bands corresponding to sulphur species with
different oxidation states. Both signals can be deconvoluted into two contributions, showing a
characteristic separation between the 2ps2 and 2p12 spin-split doublets of 1.18 eV. The low-
energy signal, with an S 2pz/ contribution at 163.8 eV, is assigned to sulphur atoms located at
the thiophene rings in EDOT monomers. Besides, the S 2ps> contribution to the higher binding
energy signal (167.9 eV) is attributed to sulphur in a higher oxidation state, which corresponds

to those sulfonate groups contained in the PSS dopantanion[236,238,239].

From the ratio of both S2p signals, the sulfonate to thiophene proportion in any sample of
electrodeposited polymer can be conveniently obtained. Such a proportion was calculated for a
number of samples and plotted against the amount of deposited polymer in Figure 3.3D. The
plot suggests an excess of PSS dopant content for extremely thin samples (up to 4.1 S atomic
ratio) and the occurrence of a progressive depletion of polyelectrolyte ions for films with higher
amount of deposited polymer.

3.3.2. Electrochemical behaviour of ferrocene at unmodified PEDOT-PSS
films

We will examine first the electrocatalytic performance of pristine PEDOT-PSS films toward a
typical redox mediator as ferrocene. For comparative purposes, the electrochemical activity of
a bare glassy carbon electrode has also been included in the study (Figure3.4A). The
electrochemical oxidation of the ferrocene redox centre, Fe?* — Fe®*, at GC substrates is

characterized by the presence of a reversible anodic peak centred at 0.515 V in acidic medium.
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The faradic counter-process occurs at 0.385 V during the reverse scan. As a result, the peak

separation between anodic and cathodic features, AEp, is 130 mV under the experimental

conditions employed.

900+
600+
600
400
£ % 300
S 200+ 5
< <
~ 3 0-
— 0_ :
-300
-200-
-600
-400-
0.0 0.2 0.4 0.6 0.8 . . . .
E (V) vs RHE 0.0 0.2 0.4 0.6 0.8
E (V) vs RHE
150091 C 4500 5
« 1000 3000
§ 500 £ 1500,
< 0] < 0
=..500] =, -1500]
-1000 -3000
-1500 i -4500
00 02 04 06 08 00 02 04 06 08
E (V) vs RHE E (V) vs RHE

Figure 3.4. Steady-state cyclic voltammograms obtained in 1 mM ferrocene aqueous solution
for a bare GC electrode (A) and for increasing amounts (46.5, 202 and 815 pgem—2) of
PEDOT-PSS deposited on GC substrates (B—D). Background electrolyte 0.5 M H2SO4 in all
cases. Scan rate 100 mVs™,

The activity of PEDOT-PSS against the same redox probe can be observed in Figure3.4B-D.
A current plateau whose shape resembles a double-layer charging current appears between
0.1 Vand 0.3 V on the CV of the 46.5 pg cm 2 PEDOT-PSS film (Figure 3.4B). This featureless
potential region is followed by the onset of ferrocene oxidation at 0.3V and then by the
associated anodic peak centred at 0.518 V. In the reverse scan, the faradaic counter-process
appears at 0.382 V giving rise to a peak separation close to 136 mV. Figure 3.4C and D shows
similar experiments performed for higher amount of deposited polymer. Current densities

coming from PEDOT-PSS, below 0.3 V, increase at increasing amounts of deposited polymer.
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However, the redox peaks related to electron transfer from ferrocene seem progressively

hindered, suggesting that PEDOT-PSS is a poor electrocatalytic material for this redox probe.

Further analysis was performed over the voltammetric results to evaluate the kinetics of the
electron transfer across the polymer. The kinetic reversibility of the electrochemical reaction
was evaluated from peak separation of the redox process of the cyclic voltammetry experiments
by applying either the method of Nicholson [240] (see the annex to chapter 3 and Ref. [217] for
more details). In such experiments, stabilized cyclic voltammograms for bare GC electrodes
and PEDOT-PSS films immersed in test solutions containing ferrocene were obtained at
different scan rates ranging from 10 to 200 mV s~ '. The values of peak separation for a scan
rate of 100 mV s™! are shown in Figure 3.5A.
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Figure 3.5. (A) Voltammetric peak separation, (B) heterogeneous rate constant for the

electron transfer to ferrocene, ko, at bare GC electrodes and at PEDOT-PSS films (C)
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roughness factor, Rf, obtained from the ratio between the electroactive area for the electron

transfer and the surface geometric area (Data obtained from the kinetic study presented in the

annex to chapter 3).
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From the Kinetic study it is derived that the standard heterogeneous rate constant for the charge
transfer to ferrocene is k°=75.67 x 103 cm s™! for bare GC electrodes, while for PEDOT-PSS
films are presented in Fig. 3.5B. The trend is that the rate of electron transfer decays at higher
amounts of deposited PEDOT-PSS films up to a value close to k°=2 x 107> cm s~'. This result
confirms that unmodified PEDOT-PSS is a poor electrocatalyst to oxidize ferrocene. Another
relevant parameter that can be obtained from Randles-Sevcik plots is the true active area
available for the electron transfer to the redox probe. Such a parameter can be evaluated through
the roughness factor of the electrode, Ry, which represents the ratio of electroactive area that
transfers charge effectively to the redox probe to the geometric area [217,241]. Figure 3.5C
shows Rf factors calculated for the reaction of interest at each electrode. As observed, an
extremely thin PEDOT-PSS film shows even higher electroactive area than bare GC surfaces.
However, increasing the amount of polymer results in a gradual loss of the active area up to

values below a half of the geometric area.

These results can be explained in the light of FESEM and XPS characterizations performed
above. On the one hand, the surface of electrodeposited polymer films appeared very smooth
which implies a low roughness factor. This is probably due to the plasticizer effect induced by
PSS in addition to the soft conditions used for the synthesis (potentiodynamic polymerization
at moderate scan rate). On the other hand, XPS results have shown that the relative content of
PSS anionic dopant, and consequently the doping level, is influenced by the mass of
electrodeposited polymer. The higher the amount of deposited polymer, the lower the doping
level. This trend means that films with higher amount of polymer show probably less
conductivity, which could disturb their electrocatalytic performance against the redox probe.

3.3.3. Electrochemical behaviour of ferrocene at hybrid silica PEDOT-PSS
electrodes

It is known that chemically modified, porous SiO2 matrices possess the ability of improving the
kinetics of several electrochemical reactions [212,217,242]. This effect is achieved thanks to
the particular environment provided by silica pores, which can rearrange electroactive
molecules, change their diffusion transport properties and even stimulate favourable, or
adverse, electrostatic interactions. In this section, we will try to modify the activity of PEDOT-
PSS toward the oxidation of ferrocene by inserting the polymer through a three-dimensional

silica matrix deposited previously on the GC surface [212].
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After silica was deposited on GC, the electrode was rinsed with ultrapure water and kept humid
(in hydrogel state) to be immersed in an aqueous solution containing both EDOT and PSS under
experimental conditions similar to those in Figure 3.1. The polymer was deposited
potentiodynamically until a capacitance of 14.1 mF cm 2 was reached. On a flat GC surface
such a capacitance value corresponds to a PEDOT-PSS mass density close to 202 pg cm 2.
[232] However, when the polymer is grown within the silica template, those 14.1 mF cm™

means that equivalent amounts of electroactive material have been deposited.

We should focus first on the morphology of such electrochemically deposited SiO> layer, which
is shown in Figure 3.6A and B at different magnifications. The deposit looks homogeneous all
over the surface, with randomly distributed pores showing an approximate diameter of around
2 um. The granular structure that can be distinguished in the magnified micrograph (B) comes

from the aggregation of silica colloids upon deposition.

‘ Figure3.6.A and B: FESEM images of silica-modified electrodes prepared by
electrodeposition. C and D: Hybrid silica-PEDOT-PSS modified electrodes.
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Figure 3.6C and D were obtained after the electrochemical polymerization of EDOT through
the silica pores shown in the previous images. The resulting hybrid silica-PEDOT-PSS
electrode shows rounded edge, broad (near one micron) dendritic structures, which provide the
modified sample with an aspect quite different to the smoother, unmodified polymer films
shown in Figure 3.2. These striking architectures are formed by PEDOT-PSS emerging from
the silica material (which can be discerned as a flat surface behind the dendrites) and their
particular shape is a consequence of the patterned growth of the polymer forced by the three-
dimensional hollow structure of SiO.. The hybrid material was also characterized by XPS

spectroscopy and the results are shown in Figure 3.7.
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Figure3.7.High-resolution XPS spectra obtained for: (A) C 1s region; (B) Si 2p region; (C) O
1s region and (D) S 2p region of hybrid silica-PEDOT-PSS film (14.1 mF cm2) deposited on

a glassy carbon substrate.

The C1s core level spectrum shown in Figure 3.7A presents the three main features at 284.5,
285.5 and 286.8 eV already observed for unmodified PEDOT-PSS films in Figure 3.3A. They
are assigned, respectively, to aromatic carbon in both PEDOT and PSS, C atoms bound to S
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atoms and C-O in EDOT units. Figure 3.7B shows the binding energy region at around 103 eV,
which reveals the presence of oxidized silicon atoms on the surface, SiOx (x > 1.8) [243-245].
The presence of both C and Si signals in the outer surface (with a C/Si atomic ratio close to 2.7)
supports the occurrence of an interpenetrating hybrid material. The O 1s region in Figure 3.7C
shows three major contributions at 531.5, 532.8 and 534.2 eV. The peak at lower binding energy
corresponds to the sulfonate groups of PSS [236], while the main feature at 532.8 is attributed
to inorganic O bound to Si atoms of the silica matrix [246,247]. The higher binding energy peak
corresponds to both, oxygen in the dioxyethylene bridge of EDOT units and the high binding
energy contribution of PSS [238].

The chemical composition of a PEDOT-PSS polymer grown across the silica matrix can be
investigated by exploring the S 2p region in Figure 3.7D. The presence of two major signals
corresponding to different sulphur species allows the doping level of the polymer to be
quantified, as it was done in Figure 3.3C. The low energy signal comes from sulphur atoms
located at EDOT centres while the higher binding energy peak is attributed to sulphur in PSS.
In this case, the atomic ratio of sulphur in PSS to sulphur in EDOT is 10.0. Such a large value
reveals that the doping level of this polymer is significantly higher than any of the films
deposited on bare GC surfaces. Therefore, it is necessary to establish whether or not a higher
doping level means in practice better electrocatalytic performance to transfer charge to

ferrocene.

According to such strategy, Figure 3.8 shows two cyclic voltammograms recorded in 1 mM
ferrocene solution. The dotted line was obtained for a 202 ug cm 2 PEDOT-PSS film deposited
straight on the bare GC surface while the solid line was recorded with a silica-PEDOT-PSS
hybrid material containing the same amount of electroactive polymer inserted within the SiO>

pores.
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Figure 3.8. Steady-state cyclic voltammograms recorded in 1 mM ferrocene with two
different electrodes. Solid line: a hybrid material silica-PEDOT-PSS obtained by
electropolymerization of EDOT on a GC previously modified with a layer of silica. Dotted
line: an unmodified PEDOT-PSSfilm deposited on bare GC. The same amount of
electroactive PEDOT-PSS was incorporated at both electrodes. Background electrolyte 0.5 M
H2S0O4. Scan rate 100 mV/s.

Since the amount of electroactive PEDOT-PSS sites is the same, both CVs present similar
pseudo-capacitive currents below 0.3 V. However, the major difference arises in the potential
region for the electron transfer to the redox probe. The anodic peak associated to ferrocene
oxidation appears at 0.514V for the hybrid material. Since the faradic counter-process is
centred at 0.388 V, the peak separation becomes AEp =126 mV. Such a value is significantly
lower than those 172 mV obtained for the polymer deposited on bare GC (dotted line).
According to the procedure described in the annex to chapter 3, it was determined that the
standard rate constant for the charge transfer at the hybrid electrode was k° =6.02 x 10> cm s
This figure means that the electron transfer rate almost doubles that measured in the absence of
asilica matrix, which according to Figure 3.5A approaches to k®=3.6 x 1073 cm s~!. Apart from
the improvement in the charge transfer kinetics, it deserves also attention the alteration of the
electroactive area in PEDOT-PSS caused by the silica matrix. Making use of the Randles-

Sevcik equations at different scan rates the electroactive area for ferrocene oxidation on a
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modified polymer gives a value close to Rf=2.31, which is almost four times that obtained for
a pristine PEDOT-PSS (Figure 3.5B).

3.4. Conclusions

PEDOT-PSS can be electrodeposited on bare GC surfaces from aqueous solutions containing
EDOT monomer in the presence of PSS anions. After electropolymerization, XPS revealed an
excess of PSS dopant for extremely thin samples and a progressive depletion of these
polyelectrolyte ions as the amount of deposited polymer increases. The unmodified PEDOT-
PSS material is a poor electrocatalyst toward the oxidation of ferrocene. Indeed, it has been
found that the electron transfer rate decays progressively as the amount of polymer deposited

increases.

The modest electrochemical performance of pristine PEDOT-PSS films can be overcome by
growing the polymer through a silica matrix deposited previously on the GC surface. Contrary
to the smooth surface of unmodified PEDOT-PSS films, the organic-inorganic hybrid material
exhibits three-dimensional structures, as a result of the patterned growth. The electron transfer
constant for ferrocene oxidation almost doubles when the electrochemical reaction takes place
on this modified polymer and, in addition, the doping level of PEDOT multiplies by a factor of
three those found for films of similar electroactive mass deposited on bare GC surfaces. Such
an effect is accompanied by a significant increase in the true active area available for the

electron transfer to the redox probe.
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3.5 Annex to chapter 3
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Figure S1: Stabilized cyclic voltammograms of a test solution containing ferrocene (1 mM) at
different scan rates: 10, 20, 50, 100 and 200 mV s™. (A) Bare GC (B)PEDOT-PSS (46.5 ug

cm) modified electrode.
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Figure S2: Randles—Sevcik plot obtained with the corrected value of current from sets of CV
recorded at different scan rates for the redox probe ferrocene. (A) for bare glassy carbon
electrode; (B) GC/PEDOT-PSS (4.65x10° g cm) electrode
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Voltammetric data were analyzed assuming that: i) both the oxidized and the reduced forms of
ferrocene show similar diffusion coefficients, and ii) the energy barriers for the electron transfer

are symmetrical, which means o~ 0.5.

The Kkinetic reversibility of the electrochemical reaction can be evaluated from cyclic
voltammetry experiments through the dimensionless parameter 1, which is obtained from AEp
by applying either the method of Nicholson [1,2] or the approach of Mahé et al. [3]. The
reversibility of an electrochemical system can also be characterized by means of the so-called

equivalent parameter, A, which depends linearly ony in the following way [4]:

A=YV 1)

Particular values of A for the oxidation of ferrocene on bare GC at different scan rates are

presented in Figure S3.
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Figure S3: Values of A at different scan rate for ferrocene redox probe with a GC electrode.
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They range between 0.85 and 0.35, which means the electrochemical reaction is kinetically
quasireversible for the scan rates investigated. Usually, the standard rate constant for the

electron transfer, k°, is derived from A according to the following expression:

nFDv

A=k (2 )1/2 )

where the diffusion coefficientof ferrocene, D, must be known. Fortunately, it can be evaluated

from Randles-Sevcik plots (Figure S2B):
I,(rev) = 2.687 x 10°ACn3/2(Dv)*/? (3)

In this relation, Ip(rev) is the current for a reversible redox process, A is the electrode area (0.070
cm?), C the concentration of ferrocene (10 mol cm™), n the electrons transferred (1) and v the
scan rate (in V s). It is worth mentioning that the application of Eq. 3 to non-reversible systems
can be done provided that the experimental peak current (lp) has been transformed using the

dimensionless parameter k(A):

111
L, (rev) = 20y 4)

K(A) values for the reaction of interest have been plotted against the scan rate in Figure S4.
Ferrocene diffusion coefficient was calculated from the slope of the linear fit (D= 2.87x10°

cm?sY) and then used to quantify k° from Eq.2
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4.1. Introduction

We have synthesized monoliths of silica using sol-gel methodology. Two redox probes were
encapsulated in the monoliths. The monolithic hydrogel has been used as electrolytic medium
for an electrochemical cell, in contact with a screen-printed carbon electrode. This allowed the
study of the electrochemical behavior of encapsulated ferro / ferricyanide and p-aminophenol
probes. The electrochemical response of these probes in solution was compared with that

obtained in the hydrogel.

The chemical character of silica was modulated by introducing organic functionalities
(methyl, propyl, octyl and phenyl groups). The probe p-aminophenol was studied in these
systems since this specie is the product generated by the enzyme alkaline phosphatase, which
will allow us to develop biosensors based on this protein and its substrate (p-
aminophenylphosphate). It has been shown that these proteins may be included within sol-gel

matrices of silica and retain their activity within the monolith [248].
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4.2. Experimental part
Reagents used in this work were tetraethyl orthosilicate (TEOS, 98%), ethanol (EtOH, 99.95%,

p-aminophenol,ferro / ferricyanide Fe(CN)s ™3, trizma, methyl-triethoxlysilane (MTES, 99%),
n-propyl-triethoxysilane (PrTES, 98%), octyl-trimethoxysilane (OTMS, 96%) andPhenyl-
trimethoxysilane (PhTES, 98%), supplied all by Sigma-Aldrich.Hydrochloric acid (HCI, 37%)
were supplied by Merck, reagent grade.

All solutions were prepared with purified water obtained from an ELGA Lab Water Purelab
system (18.2MQ cm).

As supporting electrolyte buffered solutions at pH 7 were used prepared with trizma (55mM).

Electrochemical experiments were performed with an eDAQ Potentiostat (EA163 model) and
the data acquisition was performed with a eDAQ e-corder 410 unit (Chart and Scope Software).
As explained in chapter 2 to synthesize silica by the sol-gel method, two reactions were carried
out, the first of which consists in the acid hydrolysis of the precursors. In the case of
conventional silica (SC), 5.6 mL of TEOS (0.0251 mol), 7.6 mL of EtOH and 5.7 mL of a 0.01
M HCI solution are mixed and stirred for one hour with magnetic stirring in a close vial. EtOH
acts as a co-solvent, and HCI as an acid catalyst. Once the hydrolysis was done, we have a
metastable solution, known as sol, formed by silica colloids.

The hydrogel is formed between 10 and 20 seconds by while mixing half of precursor solution
and half of redox probe solution, the redox probes encapsulated in silica monoliths sol-gel.

In addition to conventional silica, we can also synthesize organically modified silica
(ORMOSIL). The precursor solutions of the different ORMOSIL were prepared following the
same procedure used for conventional silica, but replacing part of the TEOS precursor with
different concentration (1% -5% -10% and 20%) of the corresponding precursors modified with
organic groups (trialkoxysilanes): methyl triethoxysilane (MTES), n-propyl-triethoxysilane (
PrTES), octyl-trimethoxysilane (OTMS) and phenyl-triethoxysilane (PhTES). The total moles
of silicon precursor were kept constant (0.0251 moles).

The enzyme ALP used, from Sigma-Aldrich, was in the form of lyophilized powder and came
from bovine intestinal mucosa (Mw = 160 KDa). It was dissolved in Tris for later use.

The substrate used in the enzymatic reaction was p-aminophenylphosphate (10mM), from
Sigma-Aldrich. It was dissolved also in Tris for later use.

For preparation of hydrolyzed TEOS, in a vial, a silica solution was prepared at room
temperature, mixing TEOS (5.6 mL) with ETHANOL (7.6 mL) and 2.7 M HCI (0.01M). The

solution, with two clearly differentiated phases, was vigorously stirred for approximately one
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hour, time necessary for the TEOS to hydrolyze. The appearance of a single phase was used as
a visual indicator to know that the hydrolysis had ended.

Rotation of the hydrolyzed TEOS, the objective of this phase was the complete elimination of
the residual ethanol generated during the hydrolysis process, since it can negatively interfere
with the immobilized biomolecules and in the proteins, induce a total or partial unfolding of
their native conformation. The vial was then weighed with the solution on a scale and then
subjected to vacuum roto-evaporation in the Rotavapor. After approximately 30 minutes the
rotation was stopped and the vial was reweighed, in order to check if all the ethanol had been
eliminated.

Manufacture of monoliths using the sol-gel technique, fall the existing enzymatic
immobilization methods, the sol-gel process is one of the most used because of the many
advantages it possesses. The monoliths obtained with it present, among other benefits, thermal
and chemical stability, possibility of varying the number and size of its pores, stability of the
biomolecules encapsulated in their interior, and resistance to the loss and desorption thereof.
Preparation of matrices with the ALP enzyme and the p-APP, once the rotated TEOS was
obtained, 1 ml of this latter with 1 ml of solution of ALP and 1ml of solution of p-APP have
been mixed, the mixture was stirred several times but carefully so as not to form bubbles.
Following this protocol, gel formation occurred in approximately 15 minutes at room

temperature and pressure.
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Table 4.1: Molar fraction (expressed as moles of organic silicon precursor) divided by the total
moles of silicon precursor in the organically modified precursor solutions, xR (total moles of
silicon = 0.0251), theoretical composition of the gels, and acronym used in the present thesis.

Molar fraction Theoretical composition of
. . Acronym
R-Si(EtO)s/total moles Si the gel

0 SiO; SC
0.01 Si01.995R0.01 1R
0.05 SiO1.975R0.05 SR
0.10 SiO1.95R01 10R
0.20 SiO19R02 20R

To carry out the thermogravimetric analysis coupled to mass spectrometry (TG / MS) and
infrared spectroscopy with Fourier Transform Transmission (FTIR) the silica was obtained by
synthesizing in a cuvette, the silica was milled and dried overnight using a vacuum oven at 65
° C to remove moisture; subsequently, 20 mg of sample was used in an alumina crucible. The

thermogravimetric analyzes were carried out under the following conditions:

-Atmosphere N2: O in relation 4: 1

-Flow: 100 mL * min™

-Isothermal stage at 25°C for 120 minutes

-Temperature ramp of 10°C » min™ up to 700°C

- Mass spectrometer in SIM mode (Single-lon monitoring) following the following m / z
signals: 28, 29, 31, 32, 35, 44, 45

These analyses were carried out with the equipment Technical Services of Research in the
University of Alicante. (METTLER TOLEDO model TGA / SDTA851e / LF / 1600). As for
the mass spectrometer, it is a quadrupole equipment of the brand PFEIFFER VACUUM model
THERMOSTAR GSD301T with a mass range of up to 300 amu and SEM detector (electronic

multiplier).

For the characterization by infrared Fourier transform spectroscopy (FTIR) in transmission
mode, the silica was dried overnight using a vacuum oven at 65 ° C to remove moisture. The
silica powder was ground with KBr with a concentration of 0.2% weight (400 mg of KBr and
1 mg of silica). 150 mg of this mixture was weighed and pressed by applying 3.5 Tn for 15
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minutes using a mold to obtain a tablet. The spectra were obtained by acquiring 100
interferograms with a resolution of 8 cm™, in transmission mode. The equipment used was a

Nicolet 5700 spectrophotometer with a deuterated triglycine sulfate detector (DTGS).

4.3. Results

4.3.1. Characterization by thermogravimetric analysis

Thermogravimetry is a thermal analysis technique that consists of measuring the mass variation
of a sample as a function of time for a given temperature or temperature profile.

First, a series of samples, specifically conventional silica and different XR silicas, have been
analyzed in order to know in detail the interaction between the organic group (R) and silica.

Figure 4.1 shows thermogravimetric curve of a sample of conventional silica (SC).
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Figure 4.1. Thermogravimetric curve of a sample of conventional silica (SC).

For conventional silica (SC), in figure 4.1 the thermogram is shown, as observed, with the
increase in temperature a mass loss between 200 and 800 °C is produced. This mass loss may
be due to the presence of EtO"groups without hydrolyzing, that is, TEOS precursor, partially
hydrolyzed.
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Figure 4.2 shows the first derivative (DTG), a peak around 100 ° C is observed.
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Figure 4.2. Thermogravimetric curve ofthe first derivative (DTG).

In this figure we see that the mass of the sample begins to descend to a temperature close to
100°C, reaching a constant mass value at 600°C. The DTG curve shows the speed of mass
change, in this case loss of mass, with increasing temperature. Around 100°C we observe a peak

that can be related to the loss of water contained in the gel.

Figure 4.3 shows the signal obtained by mass spectrometry for m/z 44 (CO.) for a sample of

conventional silica (SC).
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Figure 4.3. Signal obtained by mass spectrometry for m / z 44 (COy) for a sample of
conventional silica (SC).

The loss of mass occurring at 100 ° C is concomitant with the emission of CO, from the sample,

it indicates the presence of ETOH molecules that could have remained in the pores of the silica.

At 400 ° C a CO- peak is observed, due to ethoxy residues in the gel, probably unhydrolyzed
ethoxide groups bonded to silicon [249].

Figure 4.4 shows the thermograms for modified silica with different concentrations of methyl
triethoxysilane (MTES) in the precursor solution (xM): 1% (1M), 5% (5M), 10% (10M) and
20% (20M).
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Figure 4.4. Thermogravimetric curves of different samples of silica modified with methyl
groups (xM) synthesized chemically: 1M (black), 5M (red), 10M(blue) y 20M (purple).

It is observed that when increasing the temperature the loss of mass for the silica XM is quite

similar, the mass loss oscillates between 3 and 5% in all cases.

Table 4.2 shows the results of the thermogravimetric analysis for silica samples modified with
different concentrations of methyl groups (xM) in the precursor dissolution, molar % of methyl
groups (M), theoretical formula (obtained from the precursor solution) and formula measured
by TG.
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Table 4.2: Molar percentage of organic group calculated from TG measurements (Molar %),
Theoretical formula obtained from the precursor solution (TF), and measured formula obtained
by TG (MF).

Sample Molar % TF MF
1M 38.1 Si01.995(CH3)0.01 Si01.809(CHz3)o0.381
5M 46.1 Si01.975(CH3)o0.05 Si01.791(CHz3)o0.416
10M 35.3 Si01.95(CH3)o.1 Si01.823(CH3)0.353
20M 48.5 SiO1.9(CHs)o.2 Si01.757(CH3)0.485

It is observed, in all cases that between 38 and 49% of methyl groups have been incorporated
independently of the concentration of precursor used in the precursor solution. Similar results
were obtained by Porcel-Valenzuela on silica gel obtained by electrochemical deposition[250].

Figure 4.5 shows the thermograms for silica xP, that is, modified using different concentrations

of n-propyl triethoxysilane (PrTES) in the precursor solution.
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Figure 4.5. Thermogravimetric curves of different samples of silica modified with propyl
groups (xP) synthesized chemically: 1P (black). 5P (red), 10P (blue) y 20P (purple).
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Figure 4.5 shows the thermograms for silica xP, modified using different concentrations of n-
propyl-triethoxysilane (PrTES) in the precursor solution, as can be seen in table 4.3. It is
observed that the loss of mass, with the increase in temperature, becomes greater when the
concentration of propyl group in the gel increases. This mass loss can be used to determine the

concentration of organic groups in the gel.

Table4.3 shows the results of the thermogravimetric analysis for silica samples modified with
different concentrations of propyl groups (xP) in the precursor solution. Molar % of propyl
groups (P), theoretical formula (obtained from the precursor solution) and formula measured
by TG.

Table 4.3: Molar percentage of organic group calculated from TG measurements (Molar %),
Theoretical formula obtained from the precursor solution (TF), and measured formula obtained
by TG (MF).

Sample Molar % TF MF
1P 9.5 SiO1.995(C3H7)0.01 SiO1.952(C3H7)0.095
5P 13.0 Si01.975(C3H7)0.05 Si01.934(C3H7)0.130
10P 14.2 SiO1.95 (C3H7)o1 Si01.928(C3H7)0.142
20P 22.4 SiO19(C3H7)o.2 SiO1.888(C3H7)0.224

It is noted that the amount of propyl groups incorporated into the gel increases with increasing
amount of propyl groups in the precursor solution. In general terms, the concentration of groups

incorporated on silica is higher than on the precursor solution.

For the silica modified with propyl groups the decomposition of the organic matter takes place
at temperatures between 550 and 750°C. Decomposition occurs at lower temperature values as
the amount of organic group in the silica increases, i.e., more thermally stable gels are obtained

using lower concentrations of organic precursor.

Figure 4.6 shows modified silica thermograms with different concentrations of octyl-

trimethoxysilane (OTMS) in the precursor solution (xO).
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Figure 4.6. Thermogravimetric curves of different samples of silica modified with octyl
groups (xO) synthesized chemically: 10 (black), 50 (red), 100 (blue) y 200 (purple).

It is observed that as the temperature increases, increasing mass losses occur as the
concentration of octyl group increases in the gel and a very definite mass loss process appears

at temperatures above 300 ° C.

Table 4.4 shows the molar % organic group values calculated by thermogravimetric analysis
for modified silica with different concentration of octyltrimethoxysilane (OTMS) in the
precursor solution (xO): 1%, 5%, 10% and 20%.
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Table 4.4: Molar percentage of organic group calculated from TG measurements(Molar %),
Theoretical formula obtained from the precursor solution (TF), and measured formula obtained
by TG (MF).

Sample Molar % TF MF
10 4.9 Si01.995(CgH17)0.01 SiO1.975(CgH17)0.049
50 7.7 SiO1.975(CgH17)0.05 SiO1.961(CgH17)0.077
100 12.8 Si01.05(CgH17)0.1 Si0O1.935(CsH17)0.128
200 24.0 SiO1.9(CgH17)02 SiO1.879(CsH17)0.240

Table 4.4 shows results of the thermogravimetric analysis for silica samples modified with
different concentration of octyl group (xO) in the precursor solution. Molar % of octyl groups

(O), theoretical formula (obtained from the precursor solution) and formula measured by TG.

It is observed that the molar % values calculated by thermogravimetric analysis increase with
the increase of the octyl group concentration, in the end of the OTMS in the precursor solution.
As in the previous results the concentration of organic groups on the gels is higher than the

concentration on the precursor solution.

It is also observed that as the concentration of organic group in the gel increases, the temperature
at which decomposition of organic matter takes place is lower. Therefore, more thermally
unstable gels are obtained by increasing the concentration of organic matter in the silica matrix.

Figure 4.7 shows thermograms for modified silica with different concentrations of phenyl-

triethoxysilane (PhTES) in the precursor solution (xPh).
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Figure 4.7. Thermogravimetric curves of different samples of silica modified with Phenyl
groups (xPh) synthesized chemically: 1Ph (black), 5Ph (red), 10 Ph (blue) y 20Ph (purple).

Figure 4.7 shows thermograms for modified silica with different concentrations of phenyl-
triethoxysilane (PhTES) in the precursor solution. It is observed that as the temperature
increases, mass losses occur which increase as the concentration of the phenyl group increases

in the gel precursor solution.

Table 4.5 shows the molar % values of the organic group calculated by thermogravimetric
analysis for modified silica with different concentration of phenyltriethoxysilane (PhTES) in
the precursor solution (xO): 1%, 5%, 10% and 20%.
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Table 4.5: Molar percentage of organic group calculated from TG measurements (Molar %),
Theoretical formula obtained from the precursor solution (TF), and measured formula obtained
by TG (FM).

Samples Molar % FT FM
1Ph 5.5 SiO1.995(Ph)o.oz SiO1.972(Ph)o.os5
5Ph 7.0 SiO1.975(Ph)o.os SiO1.964(Ph)o.070
10 Ph 4.3 SiO1.95(Ph)o.1 Si01.978(Ph)o.043
20 Ph 13.2 SiO1.9(Ph)o.2 SiO1.033(Ph)o.132

Table 4.5 shows results of the thermogravimetric analysis for silica samples modified with
different concentration of phenyl group (xPh) in the precursor solution. Molar % of phenyl
groups (Ph), theoretical formula (obtained from the precursor solution) and formula measured
by TG.

It can be seen that the molar % values calculated by thermogravimetric analysis increase with
increasing phenyl group concentration except at 10%, a similar result were obtained by Porcel-
Valenzuela [250].

It is remarkable that on contrast with the previous results, Ph groups concentration in the gel is

lower than the concentration on the precursor solution.
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4.3.2. Characterization by infrared spectroscopy in transmission mode

Fourier Transform Infrared (FTIR) spectroscopy is a technique used to determine the energy of
the vibrations of bonds in the solid silica network [251], and also qualitative and quantitative
features of IR-active molecules in organic or inorganic solid, liquid or gas samples. It is a rapid
and relatively inexpensive method for the analysis of solids, which allows us to better

understand the behavior of silica in different environments.

Conventional silica precursors contain four identical alkoxide groups that are hydrolysable (Si-
O bonds), usually ethoxide groups; while to obtain organically modified silica, precursors
containing non-hydrolyzable alkyl groups (Si-C bonds) are used: methyl (M), n-propyl (P),
octyl (O), and phenyl (Ph). The use of infrared spectroscopy reveals the existence of chemically

different and comparable films according to the nature of the precursors used.

The analyzed samples were synthesized as described in the experimental part of this chapter.
Figure 4.8 shows the FTIR spectrum synthesized chemically and modified with different

concentration of (Methyl) groups.
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Figure 4.8. FTIR spectrum synthesized chemically and modified with different concentration

of Organic-MOdifed-SlLica groups (Methyl).
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In the high frequency area (4000 cm-1 to 2500 cm-1), we observed that all samples had a broad
band centered around 3470-3450 cm-! which corresponds to the overlap of the vibrating tension
bands, "stretching”, in the O-H bond of the H.O molecules (H-O-H...H) and the bands of the
same type due to the O-H bonds of the silanol groups of the silica (SiO-H...H20) [252].
Approximately 2900-2800 cm-* of the vibration bands appear in most samples corresponding
to the symmetrical and anti-symmetric tension bands of the C-H bonds of the aliphatic groups,
-CH2 and -CHs.

We observe the spectrum area for frequency values between 1800 cm™ and 400 cm™. The bands
corresponding to the deformation vibrations, "bending”, of adsorbed H>O molecules appear
around 1653-1634 cm™[253]. The adsorption of water molecules on the surface of the silica is
due to the existence of superficial silanol groups and therefore to the hydrophilic nature of these
materials. The vibrations corresponding to the covalent Si-O bonds occur mainly in the range
between 1200 and 1000 cm L. It can be observed that a very intense and wide band appears, for
all the samples, between 1095 and 1089 cmt, assigned to the antisymmetric tension vibration
(stretching) of the Si-O-Si structure. About 930-950 cm™, there is one shoulder in the anterior
band that is attributed to EtO- without hydrolyzing [254]. This confirms that what was
previously seen by TG-MS, which starts from organic matter in conventional silica, is due to
EtO- without hydrolyzing groups. On the other hand, the symmetrical (stretching) vibrations
corresponding to the Si-O-Si structure appear at 800 cm™[252]. Between 469 and 470 cm™, a
band is observed that corresponds to the vibration of deformation (bending) in the plane by
rocking, "rocking" of the Si-O-Si structure [255]. The band that is observed around 560 cm™ is
assigned to defects by tension, "stretching"”, in the SiO2 network [252].

From figure 4.8, by varying the concentration of organic group in the precursor solution, it is
observed that the intensity of the vibration bands varies depending on the concentration of the
methyl group, but there is no direct relationship between the concentration of the organic group
and the intensity of the bands, we saw the same thing with TG analyzes.

Figure 4.9 shows the FTIR spectrum synthesized chemically and modified with different
concentration of ORMOSIL (Propyl).
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Figure 4.9. FTIR spectrum synthesized chemically and modified with different concentration

of Organic-MOdifed-SlLica groups (Propyl).
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By varying the concentration of organic group in the precursor solution the intensity of the
vibration bands that appear around 2900-2800 cm™, assigned to symmetric and anti-symmetric
stretching of the CH bonds of aliphatic groups(CH2 ,CHz), increased with the concentration of

organic group in the precursor solution.
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Figure4.10. Ratio of intensity vsC-H (2966 cm™) / vs Si-O-Si (1080cm™*) depending on the

concentration of propyl groups calculated by TG.

Figure 4.10 shows the relationship between the value of the intensity of the absorbance bands
at 2966 cm™ corresponding to the symmetric vibration of the C-H bond and the symmetric
vibration band of the Si-O-Si bond observed around 1080 cm™as a function of the concentration

of propyl groups calculated by thermogravimetric analysis (table 4.3).

It is observed that there is a linear relationship of this relationship with the concentration of
propyl group in the precursor solution. For adjustment parameters for the relationship between
the quotient of intensities of the bands measured by FTIR and the concentration of the propyl
group calculated by thermogravimetric analysis, the value of the slope is 510 and R? is 0.996.

A similar result were obtained by Porcel Valenzuela[250].

Figure 4.11shows the FTIR spectra modified octyl groups.
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Figure 4.11. FTIR spectra of silica synthesized chemically and modified with different

concentration of ormosils groups (Octyl).
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Figure 4.11 shows the FTIR spectrum for modified silica with different concentration of octyl
groups, it is observed that when increasing the concentration of the organic group in the gel
precursor solution, the intensity of the vibration bands observed between 2800 and 2900 cm?,
corresponding to the vibration of symmetric and anti-symmetric tension of bonds between

aliphatic groups, increases .
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Figure 4.12: Ratio of intensity vsC-H (2930 cm™) / vs Si-O-Si (1080cm™) depending on the

concentration of octyl groups calculated by TG.

Figure 4.12 shows the relationship between the value of the intensity of the bands at 2930 cm™
corresponding to the symmetric vibration of the C-H bond and the symmetric vibration band of
the Si-O-Si bond observed around 1080 cm™ depending on the concentration of octyl groups
calculated by thermogravimetric analysis (table 4.4). It is observed that the intensity increases
by increasing the concentration of octyl group in the precursor solution. The same results are
also obtained for the ratio of intensities with bands that appear at 2850 cm™. A similar results
were obtained by Porcel-Valenzuela [250].

Figure 4.13 shows the FTIR spectrum synthesized chemically and modified with

different concentration of ORganic-MOdifed-SlILica groups (Phenyl).
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Figure4.13. FTIR spectrum synthesized chemically and modified with different concentration
of ORMOSIL groups (Phenyl).
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The FTIR spectrum for modified silica with different concentration of phenyl groups, it is
observed that the intensity of the vibration bands varies depending on the concentration of the

organic group.
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Figure 4.14. (A) Ratio of intensities ®C-H (700 cm-1) / vsSi-O-Si (1080cm™) and (B) o3,
yC-H (740 cm™) / vsSi-O-Si (1080cm™ 1) as a function of the concentration of phenyl groups
calculated by thermogravimetric analysis.
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Figure 4.14.A shows the relationship between the intensity value of the deformation vibration
band of the aromatic ring outside the plane for the C-H bonds, which appears at 700 cm™ and
the symmetric vibration band of the Si-O-Si bond that is observed at 1080 cm™ depending on
the concentration of phenyl group calculated by thermogravimetric analysis (table 4.5). Figure
4.14.B shows the relationship between the transmission value of the quotient of two vibration
bands: the one related to the deformation of the C-H bond outside the plane in pitch mode (740
cm™) and the corresponding one with vibration symmetric of the Si-O-Si link (1080 cm™).

It is observed that there is no good linear relationship between the transmission of those
vibration bands and the concentration of phenyl groups calculated by thermogravimetric

analysis. A similar results were obtained by Porcel Valenzuela [250].
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4.3.3. Electrochemical behavior of p-aminophenol in solution and in silica

The electrochemical activity of a carbon electrode against the p-aminophenol redox probe is
shown. Figure 4.15 shows the stabilized cyclic voltammogram immersed in a test solution
containing p-aminophenol (10 mM) at scan rate 100mVs™,

The voltammogram shows in the scan to positive potential an anodic peak centred at 0.418V,
which is related with the oxidationof (p-aminophenol). In the reverse scan, the faradic counter-
process occurs at -0.400V. The peak separation between anodic and cathodic features (AEp) is
818 mV.

For these probes we determined the equilibrium potential (Eq) of the redox probe and after we

deduce the over potential n=E-Eq.

The overpotential is the potential difference (voltage) between the thermodynamically
determined reduction potential of a half-reaction and the potential at which the redox event is

observed experimentally.
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Figure 4.15. Stabilised cyclic voltammogram of carbon electrode immersed in a test solution

(10mM) containing p-aminophenol at scan rate 100 mV s,
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We have synthesized monoliths of silica using sol-gel methodology as indicated in the

experimental section. This allowed the study of the electrochemical behavior of encapsulated

p-aminophenol.

Figure 4.16 shows stabilised cyclic voltammogram of the carbon electrode immersed in
monolith of silica containing p-aminophenol compared with the stabilised cyclic

voltammogram of a test solution at scan rate 100 mV s,
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Figure 4.16. Stabilised cyclic voltammogram of carbon electrode immersed in monolith of
silica containing p-aminophenol compared with the stabilised cyclic voltammogram a test

solution at scan rate 100 mV s™.

The voltammogram of the silica monolith shows in the scan to positive potential an anodic peak

centred at 0.547V. In the reverse scan, the faradic counter-process occurs at -0.547V. The peak

separation between anodic and cathodic features (AEp) is 1094 mV.

Figure 4.17 shows the evolution of the peak separation at different scan rate immersed in

solution and silica monolith containing p-aminophenol.
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Figure 4.17: Evolution of the peak separation vs the scan rate immersed in solution and silica

monolith containing p-aminophenol.

As observed in figure 4.17 at low scan rate (10 mV s) the peak separation amounts 679 mV
in a test solution and amounts 756 mV for the monolith of silica. When the scan rate is
increased, the peak separation increases up to 811 mV in a test solution and 1094 mV for the

monolith of silica at scan rate (100 mVs?)

In order to classify this redox process as kinetically reversible, quasi-reversible or irreversible
the peak separations were analysed.The kinetic reversibility of an electrochemical reaction can
be evaluated from cyclic voltammetry experiments thanks to a dimensionless parameter WV,
which is derived from the voltammetric peak-to-peak separation (AEp), as determined by the
Nicholson’s method[256]. The numerical values of ¥ can be obtained either from the original
Nicholson’s paper for the quasi-reversible reactions or from the numerical approach developed
by Mahé et al[257]. Alternatively, the system reversibility can be evaluated by means of an

equivalent parameter,A, which was defined by Matsuda and Ayabe[195,258]as :
A=yYVn (Eq. 1)
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It is usually assumed that an electrode process will be kinetically reversible for A>15, quasi-
reversible for 15 > A > 0.001 and irreversible for A values lower than 0.001. The values of
A at different scan rates are collected in figure 4.18 for the electrode immersed in test solution

of p-aminophenol.
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Figure 4.18. Values of A at different scan rate for p-aminophenolredox probe with a carbon

electrode.

As observed in figure 4.18 at low scan rate (10 mV s?) the value of A is 3.35x10°and when
the scan rate is increased, the value of A decreases to 2.60x107 at scan rate (100 mVs
1. According to those data the redox probe can be classified kinetically as irreversible in the

whole range of scan rates.

The relationship between the standard rate constant, k° for the electron transfer of the

electrochemical reaction and the A parameter was shown by Matsuda [258].

A=k (=2 )1/2 (Eq. 2)

nFDv

According to this equation, two factors govern the value of A at constant temperature: the

diffusion coefficient (D) and the standard rate constant for the charge transfer (k°).
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The diffusion coefficient of the redox probe can be determined from the Randles-Sevcik plot
(see figure 4.19). Despite the linearity of that plot, the classical Randles-Sevcik equation can
be only applied to reversible systems:

I,(rev) = 2.687 x10°ACn>/?(Dv)*/? (Eq. 3)

Where Ip(rev) is the current for a reversible redox process (A), A is the electrode area (cm?), C
the concentration of the redox probe (in mol cm), n the number of electrons transferred, D the
diffusion coefficient (cm? s) of the redox probes and v is the scan rate (V s1).The application
of this equation to both quasireversible and irreversible systems is only possible after the
correction of the experimental peak current (Ip):

Iy(rev) = % (Eq. 4)

Where k(A)is an adimensional parameter defined by Matsuda and Ayabe [258], that accounts

for the kinetic factor governing the peak current.

Figure 4.19 shows the evolution of the current of the oxidation peak as a function of the square

root of the scan rate of p-aminophenol in solution.
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Figure 4.19. The evolution of the current of the oxidation peak as a function of the square

root of the scan rate of p-aminophenol in solution.

As observed in figure 4.19 when the scan rate increased, the current of the oxidation peak
increases linearly. Since the redox process is highly irreversible the peak current must be
corrected by k(A).With the values of k(A)the experimental values of current at each scan rate

can be corrected to apply the Randles-Sevcik expression.

Figure 4.20 shows the evolution of the corrected peak currents vs the scan rate of p-

aminophenol in solution.
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Figure 4.20. Randles—Sevcik plot obtained with the corrected value of current at different

scan rates for the redox probe p-amino phenol.

The diffusion coefficient for solution of p-aminophenol in solution were calculated from the
value of the slope linear fit in figure 4.20, it is of value D=2.42x10°cm?-s™%. A similar results

were obtained by other authors [259].

Once the diffusion coefficient has been calculated, we can deduce the charge transfer rate

constant k° from (Eq. 2).

Figure 4.21 shows the evolution of the standard rate constant for the charge transfer k” at

different scan rate for p-aminophenol solution.
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Figure 4.21. Evolution of the standard rate constant for the charge transfer k” at different scan

rate for p-aminophenol solution.

As observed in figure 4.21 at low scan rate (10 mV s) the value of k™ is 3.25x10® cm s™and

when the scan rate is increased, the value decreases up to 7.99x10° cm s at 100 mvs™.

Similar analysis was performed with p-aminophenol encapsulated in silica. Figure 4.22 shows

the evolution of the corrected peak currents vs the scan rate of p-aminophenol in silica.
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Figure 4.22. The evolution of the corrected peak currents vs the scan rate of p-aminophenol

The diffusion coefficient for solution of p-aminophenol in silica were calculated from the

value of the slope linear fit in figure 4.22, it is of value D=8.51x10"cm?-s™%. This value is

in silica.

near four times higher than the diffusion coefficient in solution.
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4.3.4. Electrochemical behavior of Fe(CN)s* in solution and in silica

The electrochemical response of Fe(CN)s*redox couple is shown in figure 4.23. The
stabilized cyclic voltammogram of a test solution containing KsFe(CN)s (ImM)+ KsFe(CN)e
(1 mM) at scan rate 100mVs* shows in the scan to positive potential an anodic peak centred at

0.186V. In the reverse scan, the faradic counter-process occurs at -0.186V. The peak separation

between anodic and cathodic features (AEp) is 372 mV.

300

200 -

100 ~

|/ pA cm™2

-100

-200

-300 T T T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Figure 4.23. Stabilised cyclic voltammogram of a test solution containing KsFe(CN)e
(ImM)+ KsFe(CN)s(1 mM) at scan rate 100 mV s,

We study the electrochemical behavior of silica encapsulated Fe(CN)s*3probe. Figure 4.24
shows stabilised cyclic voltammogram of the carbon electrode immersed in monolith of silica
containing KsFe(CN)s(ImM)+KsFe(CN)s(1 mM) compared with the stabilised cyclic

voltammogram of a test solution at scan rate 100 mV s,
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Figure 4.24. Stabilised cyclic voltammogram of the carbon electrode immersed in monolith
of silica containing KsFe(CN)s*3(1mM)+ KzFe(CN)s*-3(1 mM) compared with the
stabilised cyclic voltammogram of a test solution at scan rate 100 mV s

The voltammogram of the carbon electrode on the silica monolith in the scan to positive
displays an anodic peak centred at 0.143V. In the reverse scan, the faradic counter-process
occurs at -0.143V. The peak separation between anodic and cathodic features (AEp) is 286 mV.
As a result, it can be observed that the reversibility of the redox process for the negatively
charged redox couples decreases considerably at silica-modified electrodes. A similar results

were obtained by other author [217].

Figure 4.25 shows the evolution of the peak separation at different scan rate immersed in

solution and silica monolith containing KsFe(CN)s(1mM)+ KsFe(CN)s(1 mM).
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Figure 4.25. The evolution of the peak separation at different scan rate for carbon electrode

immersed in solution and silica monolith containing Fe(CN)s™2.

As observed in figure 4.25 at low scan rate (10 mV s™) the peak separation amounts 193 mV in
a test solution and amounts 165 mV for the monolith of silica. When the scan rate is increased,
the peak separation increases up to 456 mV in a test solution and 351 mV for the monolith of
silica at scan rate (100 mVs™).

The values of A at different scan rates are collected in figure 4.26 for carbon electrode
immersed in test solution of KsFe(CN)s(1mM)+ KzFe(CN)s(1 mM).
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Figure 4.26. Values of A at different scan rate for KsFe(CN)s(ImM)+ KsFe(CN)s(1 mM)
redox probe.

As observed in figure 4.26 at low scan rate (10 mV s?) the value of A is 4x102and when the
scan rate is increased, the value of A decreases t0 1.2x107 at 100 mVs™. According to those

data the redox probe can be classified kinetically as quasi-reversible in the whole range of
scan rates.

Figure 4.27 shows the evolution of the corrected peak currents vs the scan rate of Fe(CN)s™"3
in solution.
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Figure 4.27. Randles—Sevcik plot obtained with the corrected value of current at different

scan rates for the redox probe Fe(CN)s*"® in solution.

The diffusion coefficient for solution of Fe(CN)s* 3 were calculated from the value of the

slope linear fit in figure 4.27, D=5.62x10%cm?.s2.

Figure 4.28 shows the evolution of the standard rate constant for the charge transfer k” at

different scan rate for Fe(CN)s™* in solution.
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Figure 4.28. Evolution of the standard rate constant for the charge transfer k” at different scan

rate for solution of Fe(CN)s™3.

As observed in figure 4.28 at low scan rate (20 mV s*) the value of k'is 2.68x10° cm s™and

when the scan rate is increased, the value decreases up to 8.98x10*cm s at 200 mVvs™.

Figure 4.29 shows the evolution of the corrected peak currents vs the scan rate of Fe(CN)g™3

in silica.
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Figure 4.29. Randles—Sevcik plot obtained with the corrected value of current at different

scan rates for the redox probe Fe(CN)s*?in silica.

The diffusion coefficient for silica of Fe (CN)s* - were calculated from the value of the slope
linear fit in figure 4.29, it is of value D=4.62x10%cm?s™. A similar results were obtained by

other author[260]. This value is slightly smaller than the value in solution because this redox

probe is more reversible in silica, so the diffusion coefficient decreases.
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4.3.5. Electrochemical characterization of p-aminophenol encapsulated in
ORMOSIL

Figure 4.30 shows stabilised cyclic voltammogram of carbon electrode immersed in monolith
of silica of p-aminophenol and introducing Methyl, Propyl, Octyl and Phenyl group at different
concentration (1,5,10 and 20%) in the gel composition at scan rate 100 mV s™. We observe that
it is more reversible with organic functionalities at different concentrations than in conventional

silica monolith (black voltammogram), so we focus the study of peak separation.
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Figure 4.30. Stabilised cyclic voltammogram of carbon electrode immersed in monolith of
silica of p-aminophenol and introducing Methyl, Propyl, Phenyl and Octyl group at different

concentration (1-5-10 and 20%) from the bottom to up at scan rate 100 mV s,
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Table 4.6: Value of the peak separation of the p-aminophenol encapsulated in silica and

modified with organic functionalities at different concentration.

Methyl Propyl Octyl Phenyl

AEp 1093 1093 1093 1093
0%

AEp 1001 1013 1448 945
1%

AEp 1020 1049 1419 985
5%

AEp 1065 1097 967 1077
10%

AEp 1100 1134 845 1149
20%

This table shows the value of the peak separation of p-aminophenol of conventional silica
monolith and after when we modify with organic functionalities at different concentration. First,
with the methyl group it is more reversible with small concentration and it becomes irreversible
with the concentration 20%. The propyl and phenyl group are similar than methyl group. In
contrary with the octyl group it is more irreversible with the small concentration 1 and 5% and
becomes reversible with the more concentration (10 and 20%), in this case of octyl group, the
peak separation decreases with the increase of the concentration of organic functionalities.
Figure 4.31 shows the evolution of the corrected peak currents vs the scan rate of p-

aminophenol encapsulated with propyl group (5%).
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Figure 4.31. Randles—Sevcik plot obtained with the corrected value of current at different
scan rates for p-aminophenol encapsulated with propyl group (5%).

Table 4.7: Value of the diffusion coefficient of p-aminophenol encapsulated in silica monolith

and modified with organic functionalities at different concentration.

Diffusion Methyl Propyl Octyl Phenyl
Coefficient
0% 8.51x10® 8.51x10® 8.51x10® 8.51x10®
1% 1.04x10”7 1.36x10”7 1.38x10”7 1.56x10”7
5% 1.45x1077 2.04x1077 3.87x1077 1.73x1077
10% 3.07x1077 3.98x1077 4.60x1077 4.07x1077
20% 4.09%1077 5.54x1077 8.82x1077 8.61x1077
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The diffusion coefficient for solution of p-aminophenol were calculated from the value of the
slope linear fit in figure 4.31, D=2.04x10"cm?2-s"L. Similar calculations of diffusion coefficient
were made for the other organic groups at different concentrations (1-5-10 and 20%), and data
are collected in table 4.7.

Table 4.7 shows the value of diffusion coefficient of p-aminophenol of conventional silica

monolith and after when we modify with organic functionalities at different concentration.

The diffusion coefficient in conventional silica is one order of magnitude higher than in
monolith modified with organic functionalities. We observe for all the organic groups (methyl,
propyl, octyl and phenyl) the diffusion coefficient increases with the increase of the

concentration of the organic functionalities group.
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4.3.6. Electrochemical characterization of Ferro / Ferricyanide redox probe
encapsulated in ORMOSIL

Figure 4.32 shows stabilised cyclic voltammogram of carbon electrode immersed in monolith
of silica of Fe(CN)s*"3 and introducing Methyl, Propyl, Octyl and Phenyl groups at different
concentration (1-5-10 and 20%) in the gel composition at scan rate 100 mV s, We observe that
it is more reversible with organic functionalities at different concentrations than in conventional
silica monolith (black voltammogram), the peak separation for the methyl group is around 100
and 180 mV, for the propyl and octyl group, the peak separation is around 100 and 118 mV and
finally the phenyl group the peak separation is around 110 and 205 mV. For all cases the peak
separation increases with the increase of the concentration of organic functionalities. Table 4.8
shows the value of the peak separation of ferrocyanide of conventional silica monolith and

modified with organic functionalities at different concentration.
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Figure 4.32: Stabilised cyclic voltammogram of carbon electrode immersed in monolith of
silica of Fe(CN)s*2 and introducing Methyl, Propyl, Octyl and Phenyl group at different
concentration (1-5-10 and 20%) from the bottom to up at scan rate 100 mV s,
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Table 4.8: Value of the peak separation of the ferro / ferricyanide encapsulated in silica

monolith and modified with organic functionalities at different concentration.

Methyl Propyl Octyl Phenyl
AEp
0% 288 288 288 288
AEp
1% 101 102 103 109
AEp
5% 120 107 106 124
AEp
10% 169 109 112 186
AEp
20% 181 111 118 205

Figure 4.33 shows stabilized cyclic voltammogram of carbon electrode immersed in monolith
of silica of Fe(CN)s ™2 introducing (propyl, octyl, phenyl and methyl) groups at concentration

10% at different scan rate.
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Figure 4.33. Stabilised cyclic voltammogram of carbon electrode immersed in monolith of

silica of Fe(CN)s™*% introducing (propyl, phenyl, octyl and methyl) groups at concentration

10% at different scan rates: 10, 20, 50, 100 and 200 mV s

As observed the intensity of the redox peaks processes increases as a function of the scan rate

as expected. Figure 4.34 shows the evolution of the corrected peak currents vs the scan rate of

Ferro / Ferricyanide encapsulated with propyl group (5%).
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Figure 4.34: The evolution of the corrected peak currents vs the scan rate of Ferro /
Ferricyanide encapsulated with propyl group (5%).

The diffusion coefficient for solution of p-aminophenol were calculated from the value of the
slope linear fit in figure 4.33, D=4.91x10°cm?-s. Similar calculations of diffusion coefficient

were made for the other organic groups at different concentrations (1-5-10 and 20%), and data
are collected in table 4.9.
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Table 4.9: Value of the diffusion coefficient of the ferro / ferricyanide encapsulated in silica

monolith and modified with organic functionalities at different concentration.

Diffusion Methyl Propyl Octyl Phenyl
Coefficient
0% 4.62x10 4.62x106 4.62x10 4.62x10°
1% 4.66%x10° 4.46x10° 3.7x10° 1.53x10®
5% 5.20x10® 4.91x106 4.83x10 2.10x10®
10% 6.50x10 7.79x10% 7.39x10° 6.15x10°
20% 7.40x10°° 8.34x10° 9.58x10° 7.25%10°

This table shows the value of diffusion coefficient of ferro / ferricyanide of conventional silica
monolith and modified with organic functionalities at different concentration. It was calculated
from the slope of Randles-Sevick plot obtained with the corrected value of current and equation
3. The diffusion coefficient increases with the increase of the concentration of the organic
functionalities group.
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4.4. Preliminary studies for the development of a biosensor based
on ALP activity.

Alkaline phosphatase (ALP) is a hydrolase enzyme belonging to the group of phosphoric
monoester hydrolases, and therefore, is capable of catalyzing the hydrolysis of a chemical bond.
Its main activity is to carry out the dephosphorylation of certain molecules such as proteins,
nucleotides and alkaloids, at alkaline pH, as its name suggests. For all this it is also called ortho-

phosphoric-monoester hydrolase.

An alternative substrate is described for enzyme immunoassays with electrochemical detection.
Alkaline phosphatase activity is determined by using p-aminophenyl phosphate as the enzyme
substrate. Enzyme-generated p-aminophenol is detected amperometrically at a carbon

electrode.

OPO,Na, OH

AP

pH 9.8

NH, NH,
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We start first with the study of p-aminophenyl phosphate and alkaline phosphatase in
solution. Figure 4.35 shows the cyclic voltammogram of a carbon electrode immersed in a
solution of p-aminophenyl phosphate (10mM) and Alkaline Phosphatase (30 pM).

Figure 4.35. The cyclic voltammogram of a carbon electrode immersed in a solution of p-

aminophenyl phosphate (10mM) and Alkaline Phosphatase (30 uM).

In the scan to positive potentials we observe emerging from 1.8V an oxidation current density,
due to formation of p-aminophenol. Initially, the current density is near 0 on the zone potential
between -1.4 and 1.8V, we observe the growing of current in this zone, but from 140 minutes

it becomes stable.

Figure 4.36 shows the evolution of the current peak vs the time for carbon electrode immersed

in a solution of p-aminophenyl phosphate and Alkaline Phosphatase.
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immersed in a solution of p-aminophenyl phosphate and Alkaline Phosphatase. Kinetics of

The slope was calculated from the growth of the current until stabilization, which is of value

0.039 HA cm min'™,

Figure 4.37 shows the cyclic voltammogram of a carbon electrode immersed in a silica gel of

‘Slope: 0.039 pA cm2 min-1
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Figure 4.36. The evolution of the current peak vs the time for screen printed electrode

transformation.

p-aminophenyl phosphate (10mM) and Alkaline Phosphatase (30 uM).
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Figure4.37. The cyclic voltammogram of a carbon electrode immersed in a silica gel of p-
aminophenyl phosphate (10mM) and Alkaline Phosphatase (30 uM).

In the scan to positive potentials we observe emerging from 1.5V an oxidation current density.
Initially, the current density is near 0 on the zone potential between -1.4 and 1.5V, we observe

the growing of current in this zone of potential, from 150 minutes it becomes stable.

Figure 4.38 shows the evolution of the current peak vs the time for the electrode immersed in

silica of p-aminophenyl phosphate and Alkaline Phosphatase.
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Figure4.38. The evolution of the current peak vs the time for screen printed electrode
immersed in silica of p-aminophenyl phosphate and Alkaline Phosphatase. Kinetics of

transformation

And also the slope was calculated with the growth of the current until stabilization which is of
value 0.058pA cm min?. After 150 minutes, the current becomes stable because all p-
aminophenyl phosphate is converted into p-aminophenol.

The higher rate of p-aminophenol could be related with faster diffusion coefficient observed for
this redox probe in silica as indicated in section 4.3.3.
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5. General Conclusions

e Poly (3,4-ethylenedioxythiophene) doped with poly-(styrenesulfonate), PEDOT-PSS,
films were synthesized by electrochemical methods from aqueous solution. The
polymer thickness can be controlled by the potentiodynamic synthesis. Films
synthesised deposited over a carbon support present smooth morphology due to the
favorable interaction with the polymer.

e PEDOT-PSS thin films present a styrenesulfonate-to-EDOT ratio around 4, indicating
that the overall charge of the film is negative. As polymer becomes thicker a progressive
depletion of polyelectrolyte is observed.

e The electrocatalytic properties of PEDOT-PSS were studied against ferrocene redox
probe. The electrochemical response of ferrocene can be clearly observed in thin
polymer films. The heterogeneous constant for this transfer ranges between 2 and 6x10-
3 cms™. The electrons transfer to the ferrocene seems progressively hindered as thicker
the PEDOT-PSS films.

e The electroactive area for roughness factor that the transfer charge to the redox probe
increases in thin PEDOT films but a gradual loss of the active area is observed in thicker
films.

e Hybrid PEDOT-PSS silica films were prepared by electrochemical methods. The hybrid
films present a dendritic morphology indicating the patterned growth of the polymer
forced by the three- dimensional hollow structure of silica.

e PEDOT-PSS polymer grown across silica matrix present a styrenesulfonate-to-EDOT
much higher than the polymer deposited over the bare surface, indicating that the doping
level of PEDOT-PSS multiplied by a factor of 3 comparing with the film deposited on
bare surface

e Conventional Silica and organically modified silica (ORMOSIL) monoliths were
synthesized by sol-gel methodology, making use of tetraethylorthosilicate and
alkyltriethoxysilane precursors.

e Silica monoliths were characterized by thermogravimetric analyses (TG), in all cases
we detect in silica gel the presence of ethanol molecules that remained in the pores of
silica coming from the precursor solution.

e TG and FTIR analyses allow the quantification of the organic group incorporated in
ORMOSIL monoliths. In general terms as higher the concentration of alkylsilicate
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precursor higher the concentration of organic group in the silica monolith, except in the
case of methyl groups.

The amount of organic groups in the silica gel is always higher than the calculated from
the precursor solution composition except for the case of phenyl group where we
observe a depletion of phenyl group in the gel.

The electrochemical behaviour of p-aminophenol encapsulated in conventional silica
and ORMOSIL monoliths were performed. The electrochemical response of p-
aminophenol encapsulated in conventional silica is more irreversible than in solution,
and the diffusion coefficient of p-aminophenol encapsulate in silica is near four times
higher than in solution.

The electrochemical behaviour of ferro/ferricyanide encapsulated in conventional silica
and ORMOSIL monoliths were performed. The electrochemical response of
ferro/ferricyanide encapsulated in conventional silica is more reversible than in solution,
the diffusion coefficient for silica of ferro/ferricyanide is slightly smaller than the value
in solution.

The electrochemical response of p-aminophenol encapsulated in methyl, propyl and
phenyl modified silica is more reversible than in conventional silica. As the
concentration of this organic groups increases in the gel electrochemical reaction
becomes more irreversible.

The electrochemical response of p-aminophenol encapsulated in octyl modified silica is
more reversible in low concentration of organic group become more reversible at higher
concentration. The diffusion coefficient of p-aminophenol encapsulated in ORMOSIL
in any composition is near one order of magnitude lower than in conventional silica.
The diffusion coefficient increases as higher the concentration of organic groups.

The electrochemical response of ferro/ferricyanide encapsulated in organic modified
silica is more reversible than in conventional silica. As the concentration of this organic
groups increases in the gel electrochemical reaction becomes more irreversible. The
diffusion coefficient of ferro/ferricyanide encapsulated in silica are similar than in
ORMOSIL. As higher the concentration of group increases the diffusion coefficient.
Alkaline phosphatase was encapsulated in conventional silica monolith to develop a
prototype of biosensor. Alkaline phosphatase presents activity in the hydrolysis of
substrate (p-aminophenyl phosphate) to produce (p-aminophenol). The rate of p-

aminophenol generation is faster in monolith than in solution.
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6. Resumen

En los ultimos afios, la importancia de monitorear y controlar muchos parametros diferentes en
campos como los diagnosticos clinicos, la industria alimentaria, el medio ambiente, el analisis
forense o el desarrollo de farmacos ha ido en aumento. Por lo tanto, existe la necesidad de contar
con dispositivos analiticos confiables capaces de realizar analisis rapidos y precisos. Los
métodos convencionales proporcionan alta sensibilidad y selectividad, pero son costosos,
requieren mucho tiempo y requieren personal altamente capacitado. Una forma de superar
muchas desventajas de estos métodos es desarrollar sensores.

Los sensores quimicos son dispositivos que convierten la concentracidn de compuestos objetivo
en una sefal analitica. EI término analitico implica el concepto de mensurabilidad. Luego, un
sensor quimico convierte la informacion sobre la presencia de compuestos objetivo en una
cantidad medible. Actualmente, la electrénica es la tecnologia que permite no solo la medicion,
sino también el uso eficiente de la informacion adquirida. Ejemplos de esto son el
almacenamiento, el procesamiento, la comunicacion y la utilizacion activa de la informacion
para controlar las maquinas. La tecnologia de sensores ha sido fundamental en la Gltima
extension de la microelectronica, y la extension continua de las propiedades de los sensores esta

ganando campos de aplicaciones sin precedentes.

Un sensor puede definirse, de una manera muy general, como un dispositivo que responde a
una sefial o estimulo. Un estimulo puede entenderse como cualquier cantidad, propiedad o
condicion.En su gran mayoria, los sensores modernos no son dispositivos independientes.
Forman parte de sistemas mas grandes que pueden incorporar otros detectores,
acondicionadores y procesadores de sefial, dispositivos de memoria, grabadores de datos y
transductores. En consecuencia, los sensores deben proporcionar una sefial que sea legible por
todos los demaés elementos del sistema en el que estan incorporados. Por eso, en la mayoria de
los sistemas artificiales, la informacion sobre el estimulo, primero transmitida por la respuesta
del sensor, se procesa y transmite. como una sefial eléctrica: una tensién, una corriente o una
carga. Esta sefial eléctrica se puede describir con mayor detalle en términos de amplitud,
frecuenciay / o fase[1,2].
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Un sensor quimico es un dispositivo analitico autobnomo que puede proporcionar informacién
sobre la composicion quimica de su entorno, es decir, una fase liquida o gaseosa[4]. La
informacion se proporciona en forma de una sefial fisica medible que se correlaciona con la
concentracion de una determinada especie quimica (denominada analito). Dos pasos principales
estan involucrados en el funcionamiento de un sensor quimico, a saber, el reconocimiento y la
transduccion. En la etapa de reconocimiento, las moléculas de analito interactdan
selectivamente con las moléculas del receptor o los sitios incluidos en la estructura del elemento
de reconocimiento del sensor. En consecuencia, un parametro fisico caracteristico varia y esta
variacion se informa mediante un transductor integrado que genera la sefial de salida. Un sensor
quimico basado en un elemento de reconocimiento hecho de un compuesto bioldgico es un
biosensor. Sin embargo, como los materiales biomiméticos sintéticos van a sustituir, en cierta
medida, los biomateriales de reconocimiento, una distincion entre un biosensor y un sensor
quimico estandar puede ser dificil. Los materiales biomiméticos tipicos utilizados en el

desarrollo de sensores son polimeros y aptdmeros impresos molecularmente.

La quimica electroanalitica se utiliz6 para indicar el desarrollo de nuevos dispositivos y
técnicas, y de nuevas metodologias para el uso correcto de las técnicas electroquimicas en
quimica analitica. También incluia todas las técnicas (espectroscopicas, morfoldgicas,
estructurales, etc.) adecuadas para caracterizar los materiales conductores de electricidad que
constituyen el electrodo o las especies utilizadas como componente del electrodo. El término
también incluye estas técnicas no electroquimicas siempre que se utilizan para identificar los
efectos inducidos por la polarizacion del electrodo, como la transformacion de especies, de la

propia superficie del electrodo, etc.

Un sensor electroquimico es un dispositivo que transforma la informacion electroquimica en
una sefial analitica Gtil. Un sensor electroquimico esta compuesto normalmente por un electrodo
de trabajo, un electrodo de referencia y un contraelectrodo conectado a un potenciostato /
galvanostato. El electrodo de trabajo actia como receptor y también es un componente del
transductor. La deteccion electroquimica es un campo analitico prometedor y ha encontrado su
aplicabilidad en los campos de la energia, la salud, el medio ambiente, la industria alimentaria
y farmacéutica[6]. La deteccidn electroquimica da lugar al desarrollo de sensores quimicos y
biosensores. El sensor quimico proporciona la informacion analitica sobre una cantidad
particular de ciertas especies quimicas en el ambiente circundante. Un biosensor es un
dispositivo integrado que proporciona informacion analitica cuantitativa y semicuantitativa
mediante el uso de un elemento de reconocimiento bioldgico que esta en contacto espacial
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directo con un elemento de transduccion[7]. Los sensores electroquimicos tienen ciertas
ventajas que incluyen su rentabilidad, aplicabilidad a una amplia gama de productos quimicos,
facilidad de uso y funcionalizacion, naturaleza robusta, alta sensibilidad y selectividad.

Hoy en dia, el trabajo sobre biosensores y articulos publicados continlia avanzando utilizando
diferentes elementos bioldgicos en combinacion con varios tipos de transductores. En términos
comerciales, los biosensores estan adquiriendo rapidamente popularidad en el mercado global
debido a su amplia variedad de aplicaciones en los campos de diagndstico médico, productos
farmacéuticos, biodefensa, industria alimentaria y procesos industriales. La mayor aplicacion
para biosensores sigue siendo los medidores de glucosa en sangre. Sin embargo, el mercado
estd cambiando hacia otras aplicaciones como la deteccion de enfermedades infecciosas,
pruebas de colesterol, analisis de gases en sangre, pruebas de embarazo y aplicaciones en
biologia industrial, deteccion de toxicidad de alimentos y campo militar[19]. El término
biosensores significa que el dispositivo es una combinacion de tres partes: (i) un elemento de
biorreconocimiento o bioreceptor, (ii) un elemento sensor también llamado transductor y (iii)

un sistema de procesamiento de sefiales.

Los biosensores se pueden clasificar en cuatro grupos basicos diferentes en funcion de la
transduccion de sefiales: electroquimicos, opticos, sensibles a la masa y sensores térmicos.
Ademas, pueden clasificarse segin el biorreceptor como: inmunoquimicos, enzimaticos,
receptores no enzimaticos, células completas, biosensores de acidos nucleicos y sensores
biomiméticos. El pequefio tamafio de los electrodos y la posibilidad de miniaturizacion

permiten la construccion de dispositivos de mano y / o en dispositivos de campo.

Muchas técnicas electroanaliticas tienen ventajas inherentes con propdsitos variables y, por lo
tanto, pueden utilizarse en una multitud de campos de estudio diferentes, que abarcan la catalisis
enzimatica[35], generacion de radicales libres[36], conversidn de energia solar[37]y miles de
otros. Las principales ventajas de usar métodos voltamétricos sobre espectroscopia Optica o
cromatografia incluyen su alta sensibilidad, precision, precision y rentabilidad. En
concordancia con el mayor conocimiento de la electroquimica y una mejor comprension de la
sintesis y modificacion de los electrodos, los sensores mejoraran considerablemente en
términos de sensibilidad y limites de deteccion. Los microsensores y los nanosensores
constituiran el siguiente paradigma disruptivo en el campo de la deteccion y la biosensibilidad.

Los sensores electroquimicos se pueden dividir en tres tipos segun su naturaleza y su principio
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de funcionamiento, es decir, sensores potenciomeétricos, conductimeétricos y amperometricos /

voltamétricos.

diversa estrategias de inmovilizacion han sido reportadas. Los principales protocolos son:
adsorcionfisica, union covalente, atrapamiento, reticulacién o unién por afinidad. En muchos
casos, los métodos de inmovilizacion se basan en la combinacion de varios métodos de
inmovilizacion. Para estos cinco métodos basicos, se presenta una comparacion a continuacion:
Segun la naturaleza de unidn, la adsorcionfisica implica enlaces débiles; el acoplamiento
covalente es la union quimica entre grupos funcionales de biomoléculas y el soporte; el
atrapamiento es la incorporacion de biomoléculas dentro de un gel o un polimero; la reticulacion
es un enlace entre biomoléculas, entrecruzante y molécula de insercion; la unién por afinidad
implica un enlace entre un grupo funcional afin a una secuencia de proteinas. Los protocolos
de inmovilizacion aparecen como un factor clave para desarrollar biosensores eficientes con
rendimientos adecuados, como una buena estabilidad operativa y de almacenamiento, alta
sensibilidad, alta selectividad, corto tiempo de respuesta y alta reproducibilidad. Las
biomoléculas inmovilizadas deben mantener su estructura, su funcién, conservar su actividad
bioldgica después de la inmovilizacion, permanecer estrechamente ligadas a la superficie y no
desorberse durante el uso del biosensor. Ademas, un biosensor ideal debe ser estable para una
aplicacion a largo plazo. El tipo de método de inmovilizacion afecta la actividad y la estabilidad
de los biosensores. Factores como la precision de las mediciones, la reproducibilidad de un
sensor a otro y la vida atil operacional se ven influenciados drasticamente por la estabilidad de
las biomoléculas. Dado que los rendimientos analiticos de un biosensor se ven fuertemente
afectados por el proceso de inmovilizacion, se han realizado intensos esfuerzos para desarrollar
estrategias de inmovilizacion exitosas con el fin de asegurar una mayor sensibilidad y
estabilidad de los biosensores. La eleccion de la técnica méas apropiada y juiciosa también
depende de la naturaleza de las biomoléculas, el transductor y el modo de deteccion asociado.
El mejor método de inmovilizacion de biomoléculas varia si la aplicacion del biosensor requiere
una sensibilidad maxima o mas bien se centra en la estabilidad. La reproducibilidad, el costo y

la dificultad del proceso de inmovilizacidén también deben ser considerados.

Los materiales de silice porosos fabricados mediante el proceso de sol-gel a baja temperatura
son matrices prometedoras para la encapsulacion de biomoléculas. Hasta la fecha, los
investigadores se han centrado en las rutas sol-gel utilizando alcoxidos como el
tetrametilortosilicato (TMOS) y el tetraetilortosilicato (TEOS) para la encapsulacion de
biomoléculas. Estas rutas conducen a la formacion de alcohol como un subproducto que puede
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tener un efecto perjudicial sobre la actividad de las biomoléculas atrapadas. La sintesis de
nanoparticulas de silice ha despertado gran interés en la investigacion debido a su aplicacion
potencial en industrias (dispositivos electronicos, aislantes, catalisis, etc.) y productos
farmacéuticos (encapsulacion de enzimas, administracion de farmacos y marcadores
celulares)[47,48]. El proceso Sol-gel se ha convertido en un area de investigacion atractiva, en

la que se han realizado amplios estudios sobre la sintesis de nanoparticulas de silice[49-51].

La encapsulacion de enzimas y otras proteinas en materiales hospedantes inorganicos que
utilizan el procesamiento sol-gel ha atraido una atencion considerable en los ultimos
afios[52,53]. Esta investigacion ha demostrado que las biomoléculas inmovilizadas en la matriz
derivada de sol-gel conservan sus caracteristicas funcionales en gran medida. Estos nuevos
materiales compuestos son de interés para sus aplicaciones como biosensores de base Optica y
electroquimica. La porosidad de los materiales sol-gel permite que pequefias moléculas de
analito se difundan en la matriz, mientras que las macromoléculas de proteinas grandes
permanecen atrapadas fisicamente en los poros. La transparencia de la matriz permite utilizar
métodos de espectroscopia Optica para caracterizar las reacciones que ocurren en los poros del
material. Los materiales sol-gel son condiciones ideales como hospedadores para dopantes
biomoleculares porque se sintetizan a bajas temperaturas en condiciones de reaccion bastante

suaves[54].

En esta tesis se realiza un estudio de la modificacion de electrodos mediante peliculas delgadas
de silice mediante el método sol-gel. La quimica Sol-gel ofrece un enfoque flexible para obtener
una amplia gama de materiales. Permite lograr diferentes quimicas y ofrece la capacidad de
producir una amplia gama de nano / microestructuras[56]. La silice existe bajo una amplia
variedad de formas, con estructura cristalina y amorfa. Es un material que ha sido examinado
exhaustivamente[47], Sus propiedades fisicas y quimicas son bien conocidas[54], lo que le
otorga un numero extraordinario de aplicaciones, como su uso en cromatografia, aislamiento
térmico, catalisis y como soporte para catalizadores, se utiliza en el refuerzo de polimeros y
como soporte para inmovilizar enzimas, entre otras. La silice se puede modificar con una amplia
variedad de grupos funcionales, lo que conduce a un considerable enriquecimiento y control de
sus propiedades superficiales. Por ejemplo, estas propiedades han sido explotadas en gran
medida en cromatografia, disefiando nuevas fases estacionarias. Ademas, la gran area de
superficie combinada con las propiedades quimicas de la superficie hace que la silice sea un
material excelente para usar como soporte de catalizador. A pesar de todas estas propiedades
atractivas, el uso de silice en métodos electroquimicos no fue generalizado. Los geles de silice
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preparados por la quimica sol-gel son materiales interesantes para la modificacion de
electrodos, y como no son electroactivos, pueden usarse como Ssoporte para especies
electroactivas, ya sea por adsorcion o atrapamiento durante su formacion, mejorando asi su
deteccién amperométrica[73-78]; Las propiedades mas atractivas de los materiales de silice
son que tienen una gran capacidad para acumular varios analitos por adsorcion, la silice se
puede modificar con grupos organicos de manera sencilla y estas modificaciones implican el
desarrollo de una amplia gama de nuevos materiales. Ademas, estos materiales sirven como
soporte para la inmovilizacion de enzimas en la fabricacion de biosensores. Pero la razén
fundamental para el uso de materiales sol-gel en la electroquimica es la existencia de multiples
formas de combinar las propiedades de los materiales inorganicos con una amplia variedad de
compuestos organicos a través de ORMOSIL.

La sintesis electroquimica es una técnica poderosa para la preparacion de varios compuestos
debido a su capacidad para controlar parametros quimicos y eléctricos que afectan la reaccion
general[110]. Los métodos electroquimicos pueden contribuir significativamente a la
proteccion del medio ambiente a través de la minimizacion de la produccién de residuos y
materiales toxicos. Por lo tanto, la electroquimica es un méetodo ecoldgico para aplicaciones
sintéticas[111]. Las peliculas finas de silice se forman tradicionalmente a traves de
recubrimiento por rotacion, recubrimiento por inmersion o recubrimiento por pulverizacion de
un sol sobre una superficie plana[54,99,125]. En 1999, Mandler y sus colaboradores
demostraron que es posible utilizar la electrodepésito para crear peliculas delgadas de silice
basadas en sol-gel sobre una superficie conductora[104]. En este caso, la pelicula se preparé a
partir de un sol prehidrolizado de metiltrimetoxisilano. Los iones hidroxido se formaron
mediante la aplicacion de un potencial suficientemente negativo para formar peliculas metiladas
gue varian en espesor desde nandmetros hasta micrometros. En 2003, Collinson y sus colegas
utilizaron la electrodeposicion para crear peliculas de silice delgadas sobre electrodos de

carbono vitreos a partir de soles preparados Unicamente a partir de tetrametoxisilano [96].

En el desarrollo de biosensores amperométricos es muy habitual usar ferroceno como
transductor. El ferroceno (Fc) es un compuesto organometalico con excelentes propiedades
redox[137,138]. El ferroceno tiene una buena estabilidad térmica y tolerancia al oxigeno debido
a la interaccion entre el atomo de hierro y el anillo de ciclopentadienilo. Esta interaccion
también facilita la sintesis de varios derivados de ferroceno[139]. Ademas, el ferroceno tiene
un potencial de oxidacion mas bajo para perder un electrén debido a la oxidabilidad de su atomo
de hierro y dos estados redox estables (ferroceno y ferricenio); en los sensores electroquimicos,
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el componente que contiene ferroceno se utiliza como mediador o etiqueta. Se discuten el
disefio arquitectonico, el efecto de mejora de los aditivos y las estructuras de los componentes

que contienen ferroceno en los sensores correspondientes.

También es muy habitual el uso de a fosfatasa alcalina (ALP) como bioreceptor en biosensores
amperométricos, la fosfatasa alcalina es una enzima de hidrolisis vital en el metabolismo del
fosfato, que cataliza la hidrolisis de los grupos éster de fosfato en proteinas, acidos nucleicos y
otras moléculas pequefias. Mientras tanto, una expresion normal de ALP se asocia con la
aparicion y el desarrollo de muchas enfermedades[161]. La fosfatasa alcalina (ALP) es una
hidrolasa, que es responsable del proceso de desfosforilacién de &cidos nucleicos, proteinas y
algunas otras moléculas pequefias [162], y se ha encontrado predominantemente en una
variedad de tejidos de mamiferos, como higado, hueso, rifién, placenta e intestino[163,164]. La
enzima de la fosfatasa alcalina tiene un papel en el proceso de biomineralizacion[165]. Las
fosfatasas alcalinas de varias fuentes se han estudiado intensamente en la interfaz aire-agua
[166,167] .La importancia de las reacciones de transferencia de fosfato en los sistemas
bioldgicos se refleja en la ubicuidad de los compuestos de fosfato. Los compuestos que
contienen fosfato cumplen multiples funciones biolégicamente importantes, como ser
metabolitos intermedios esenciales, materiales genéticos, fuentes de energia y depdsitos de
energia bioquimica [185]. Debido a las bajas velocidades de reaccion de las hidrdlisis del éster
de fosfato, se requiere el uso de catalizadores. La superfamilia de enzimas llamadas fosfatasa
tiene una maquinaria bioquimica que le permite hidrolizar los ésteres de fosforo rapidamente

en condiciones celulares leves.

Se ha reportado la deteccion de p-aminofenol en el desarrollo de inmunosensores [187]. Una
ventaja particular de p-AP es que es electroactivo, con un potencial de oxidacion de 0.3 V [187],
mientras que su precursor, el p-aminofenil fosfato no es electroactivo a este potencial, una
etiqueta enzimatica adecuada, p. ej. La fosfatasa alcalina (ALP), estd unida al ADN objetivo
por una molécula de biotina. Usamos p-aminofenilfosfato (p-APP) como sustrato para iniciar
el proceso redox. La especie resultante de la reaccion enzimética es para-aminofenol (p-AP).
Tiene dos grupos electroquimicamente activos en la estructura del benceno. El para-aminofenol

se oxida a quinonaimina reversiblemente.
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En el capitulo 2 se muestran las diferentes técnicas, reactivos y materiales utilizados durante
este trabajo de tesis doctoral. También se describen las técnicas de funcionalizacion utilizadas
para la preparacion de los nuevos materiales. Sin embargo, las condiciones experimentales
especificas se explicaran en detalle en cada capitulo. Existe una gran cantidad de técnicas
electroquimicas disponibles para la caracterizacion. Se han utilizado celdas electroquimica con
tres electrodos; voltamperometria ciclica (CV) cronoamperometria (CA); y muchas técnicas
espectroscopicas se utilizan en la parte experimental de esta tesis; Espectroscopia
fotoelectronica de rayos X (XPS); Espectroscopia infrarroja transformada de Fourier (FTIR), y
también hemos utilizado técnicas microscopicas como la microscopia electrénica de
transmision (TEM); Microscopia electrénica de barrido (SEM) y Microscopia electronica de
barrido de emisién de campo (FESEM). Las técnicas termogravimétricas se utilizan para
determinar el peso de cada muestra en funcion de la temperatura, mientras que la muestra se
somete a un programa de temperatura controlada en una atmoésfera especifica[203]. En Métodos
experimentales explicamos como limpiar el material de vidrio y el tratamiento previo de los

electrodos y hemos citado las soluciones, reactivos y electrodos.

En este capitulo 3 hemos visto la modulacion del rendimiento electrocatalitico de PEDOT-PSS
por insercion reactiva en una matriz de silice sol-gel; Poli (3,4-etilendioxitiofeno) dopado con
poli (estirenosulfonato), PEDOT-PSS, peliculas sintetizadas por métodos electroquimicos
pueden considerarse como un pobre electrocatalizador para la oxidacion del ferroceno en

solucién acuosa.

La modificacion de la superficie del electrodo con un control preciso de los diversos
componentes es capaz de producir sistemas moleculares integrados con aplicaciones extendidas
en electroandlisis[205-207]. El uso de estos materiales modificados se extendié durante los
Gltimos afos y, particularmente, la ruta sol-gel ofrecio la oportunidad de preparar peliculas
similares a la ceramica en condiciones bastante suaves[61,208]. Esta sintesis de quimica suave
mejoré la posibilidad de incorporar biomoléculas sensibles a la temperatura, como las enzimas
a la capa huésped de silice, dando como resultado materiales hibridos muy estables utiles para
propdsitos bioanaliticos [209]. La modificacion de la superficie con geles de silice se realiza
tipicamente mediante el recubrimiento del electrodo con peliculas delgadas obtenidas de un sol,
que se obtiene mediante la hidrélisis de los precursores de alcoxidos metalicos en soluciones
de agua/ alcohol mediante técnicas convencionales como el recubrimiento por giro o inmersion
0, incluso, mediante deposicion electro-asistida[210,211]. Las propiedades electroquimicas
mejoradas de los hibridos de polimeros conductores de silice se utilizaron para desarrollar
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electrodos para la electroquimica directa del citocromo c, cyt ¢, encapsulados dentro de una
pelicula de silice. La insercion electroquimica de poli (3,4-etilendioxitiofeno) dopada con poli
(estirenosulfonato), PEDOT-PSS, a través de los poros de silice conecta eléctricamente las
moléculas de proteinas, lo que da lugar a un aumento de 3 veces en la tasa de reduccién

electroquimica cyt c[213].

El presente trabajo se centra en la sintesis electroquimica de electrodos modificados que
contienen peliculas PEDOT-PSS y su aplicacion al estudio de las reacciones redox del
ferroceno. De esta manera, el rendimiento electrocatalitico de los electrodos modificados con
PEDOT-PSS se ajustard insertando este polimero conductor en matrices de silice
electrodepositada y, posteriormente, se explorara el rendimiento electroquimico del material
hibrido para los procesos redox de ferroceno. Todas las modificaciones de los electrodos se
realizaran, exclusivamente, por métodos electroquimicos. Las peliculas de PEDOT-PSS fueron
caracterizadas con voltamogramas ciclicos registrados para un electrodo de carbono vitreo (GC)
en el curso de la oxidacién del monémero EDOT en una solucidn acuosa que contiene PSS
como electrolito. Durante el primer barrido, la densidad de corriente es casi cero dentro de la
region potencial comprendida entre 0,4 y 1,5 V. La oxidacion del monémero comienza a
aproximadamente 1,6 V y continGia con una cinética electroquimica rapida, como se deduce de
la alta pendiente de la curva j-E. En ciclos potenciales sucesivos, el progreso de una meseta
actual entre 0,4 V y 1,5 V revela la respuesta similar a la capacitancia de la pelicula PEDOT-
PSS depositada, mientras que la masa de polimero se puede determinar facilmente en cualquier
momento a partir de su carga de doble capa, suponiendo un valor de 70Fg ~* para la capacitancia
especifica[213,232].

La morfologia de la superficie de las peliculas PEDOT-PSS depositadas se examind con la
ayuda de un microscopio electronico de emision de campo. Obtuvimos varias micrografias para
diferentes electrodos con una masa creciente de polimero depositado que oscila entre 46.5 y
815ugem ~ 2. Todas las peliculas cubren uniformemente toda la superficie de los sustratos de
GC, aunque se pueden observar con mayor claridad cuando se depositan grandes cantidades de
material polimérico. El proceso de secado genera algunos defectos similares a grietas. Vale la
pena mencionar que la homogeneidad de la superficie de estas peliculas PEDOT-PSS contrasta
con algunos datos de la literatura. Por ejemplo, se informé un aspecto granular cuando el
material se deposita a partir de disolventes organicos [233] o una estructura agregada, similar a
la coliflor, cuando se deposité a partir de soluciones acuosas sobre sustratos de oro[234]. La
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interaccion favorable entre el soporte de carbono y la capa de polimero parece ser el origen de

la morfologia més suave mostrada por nuestras muestras.

La espectroscopia fotoelectronica de rayos X de alta resolucion (XPS) se ha empleado para
caracterizar la estructura quimica de los recubrimientos PEDOT-PSS. Un electrodo de carbono
vitreo cubierto con una masa de polimero depositado cerca de 202 pgem™ 2, se transfirio a la
camara UHV, donde se analizaron las regiones espectrales C, O y S. El espectro de nivel de
nucleo de C 1s registrado, donde se pueden distinguir claramente tres contribuciones principales
a284.5, 285.5y 286.8eV. El pico a menor energia de unién corresponde al carbono localizado
en el esqueleto aromatico de PEDOT o en los restos fenilo de PSS. Ademas, la contribucion a
285.5eV se origina a partir de &tomos de C unidos directamente a los 4&tomos de S, como los
presentes en las unidades EDOT y PSS. Finalmente, el elemento de alta energia en 286.8eV se

puede asignar a las estructuras C-O-C presentes en los restos EDOT[235-237].

En el comportamiento electroquimico del ferroceno en peliculas PEDOT-PSS no modificadas
en esta parte, examinamos primero el rendimiento electrocatalitico de las peliculas PEDOT-
PSS pristinas hacia un mediador redox tipico como el ferroceno. Con fines comparativos, la
actividad electroguimica de un electrodo de carbono vitreo desnudo también se ha incluido en
el estudio. La oxidacion electroquimica del centro redox del ferroceno, Fe?* — Fe3*, en los
sustratos de GC se caracteriza por la presencia de un pico anddico reversible centrado a 0.515
V en medio &cido. El contra-proceso faradico ocurre a 0.385 V durante el escaneo inverso.
Como resultado, la separacion maxima entre las caracteristicas anodicas y catodicas, AEp, s

de 130 mV en las condiciones experimentales empleadas.

Se realiz6 un analisis adicional sobre los resultados voltamétricos para evaluar la cinética de la
transferencia de electrones a través del polimero. La reversibilidad cinética de la reaccion
electroquimica se evalu6 a partir de la separacion del pico del proceso redox de los
experimentos de voltametria ciclica aplicando el método de Nicholson[240]. En tales
experimentos, se obtuvieron voltamogramas ciclicos estabilizados para electrodos de GC
desnudos y peliculas PEDOT-PSS sumergidas en soluciones de prueba que contienen ferroceno
a diferentes velocidades de escaneo que oscilan entre 10 y 200 mVs™. Los valores de separacion

de picos para una velocidad de barrido 100 mVvs ~ 2.
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Se estudié el comportamiento electroquimico del ferroceno en los electrodos hibridos de silice
PEDOT-PSS. Se sabe que las matrices de SiO2 poroso quimicamente modificadas poseen la
capacidad de mejorar la cinética de varias reacciones electroquimicas[212,217,242]. Este efecto
se logra gracias al entorno particular proporcionado por los poros de silice, que puede
reorganizar las moléculas electroactivas, cambiar sus propiedades de transporte de difusion e
incluso estimular interacciones electrostaticas favorables o adversas. En esta seccion,
trataremos de modificar la actividad de PEDOT-PSS hacia la oxidacion del ferroceno
insertando el polimero a traves de una matriz de silice tridimensional depositada previamente
en la superficie GC[212]. Después de que la silice se depositdé en GC, el electrodo se enjuagd
con agua ultrapura y se mantuvo himedo (en estado de hidrogel) para sumergirlo en una
solucién acuosa que contenia tanto EDOT como PSS. El polimero se depositd
potenciodindmicamente hasta que se alcanz6 una capacitancia de 14.1 mFcm™ 2. En una
superficie plana de GC, tal valor de capacitancia corresponde a una densidad de masa PEDOT-
PSS cercana a 202ugem2[232]. Sin embargo, cuando el polimero crece dentro de la plantilla
de silice, esos 14.1 mFem significa que se han depositado cantidades equivalentes de material

electroactivo.

El PEDOT-PSS se puede electrodepositar en superficies desnudas de GC a partir de soluciones
acuosas que contienen mondmero EDOT en presencia de aniones PSS. Después de la
electropolimerizacion, XPS revel6 un exceso de dopante PSS para muestras extremadamente
delgadas y un descanso progresivo de estos iones polielectrolitos a medida que aumenta la
cantidad de polimero depositado. ElI material PEDOT-PSS no modificado es un
electrocatalizador deficiente para la oxidacién del ferroceno. De hecho, se ha encontrado que
la velocidad de transferencia de electrones disminuye progresivamente a medida que aumenta

la cantidad de polimero depositado.

El modesto rendimiento electroquimico de las peliculas PEDOT-PSS pristinas se puede mejorar
haciendo crecer el polimero a través de una matriz de silice depositada previamente en la
superficie GC. Al contrario de la superficie lisa de las peliculas PEDOT-PSS no modificadas,
el material hibrido organico-inorganico exhibe estructuras tridimensionales, como resultado del
crecimiento modelado. La constante de transferencia de electrones para la oxidacion del
ferroceno casi se duplica cuando se produce la reaccion electroquimica en este polimero
modificado y, ademas, el nivel de dopaje de PEDOT se multiplica por un factor de tres de los

encontrados para peliculas de masa electroactiva similar depositada en superficies de GC
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desnudas. Tal efecto esta acompariado por un aumento significativo en el area activa verdadera

disponible para la transferencia de electrones a la sonda redox.

En conclusion la velocidad de transferencia de electrones a sonda redox decae progresivamente
a medida que aumenta la cantidad de polimero depositado y el area electroactiva disponible
para la reaccion electroquimica muestra cifras bastante modestas. Presentamos aqui una forma
alternativa y sencilla de mejorar las propiedades de este material que utiliza, exclusivamente,
métodos de sintesis electroquimica. El rendimiento electrocatalitico se puede mejorar
significativamente insertando el polimero dentro de una matriz de silice porosa tridimensional
pre-depositada que forma un material hibrido interpenetrante. Por un lado, el PEDOT-PSS
modificado muestra niveles de dopaje que triplican el material no modificado. Por otro lado, la
constante de transferencia de electrones y el &rea electroactiva real para la oxidacion del

ferroceno aumentaron en un factor de 2 y 4, respectivamente.

En este capitulo 4 hemos visto el comportamiento electroquimico de las sondas redox
encapsuladas en monolitos de silice sol-gel: Como plataforma para el desarrollo de biosensores,
hemos sintetizado monolitos de silice utilizando la metodologia sol-gel. Dos sondas redox
fueron encapsuladas en los monolitos p-aminofenol y ferro/ferricianuro. El hidrogel monolitico
se ha utilizado como medio electrolitico para una celda electroquimica, en contacto con un
electrodo de carbon serigrafiado. Esto permiti6 el estudio del comportamiento electroquimico
de las sondas ferro / ferricianuro y p-aminofenol encapsuladas. La respuesta electroquimica de

estas sondas en disolucidn se compar6 con la obtenida en el hidrogel.

El caracter quimico de la silice se modulé mediante la introduccion de funcionalidades
organicas (grupos metilo, propilo, octilo y fenilo). La sonda p-aminofenol se estudié en estos
sistemas ya que esta especie es el producto generado por la enzima fosfatasa alcalina, que nos
permitird desarrollar biosensores basados en esta proteina y su sustrato (p-aminofenilfosfato).
Se ha demostrado que estas proteinas pueden incluirse dentro de las matrices sol-gel de silice y
conservar su actividad dentro del monolito [248].

Para la preparacion de TEOS hidrolizados, en un vial, se preparé una solucién de silice a
temperatura ambiente, mezclando TEOS (5,6 ml) con ETANOL (7,6 ml) y HCI 2,7 M (0,01

M). La disolucion, con dos fases claramente diferenciadas, se agitd vigorosamente durante
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aproximadamente una hora, el tiempo necesario para que el TEOS se hidrolice. La aparicion de

una sola fase se usé como un indicador visual para saber que la hidrolisis habia terminado.

La rotaevaporacion del TEOS hidrolizado, se realizé para la eliminacién completa del etanol
residual generado durante el proceso de hidrolisis, ya que puede interferir negativamente con
las biomoléculas inmovilizadas y en las proteinas, inducir un desnaturalizacion total o parcial

de su conformacion nativa.

La fabricacion de monolitos utilizando la técnica sol-gel se utiliz6 comométodo de
inmovilizacion de enzima, el proceso sol-gel es uno de los mas utilizados debido a las muchas
ventajas que posee. Los monolitos obtenidos con ella presentan, entre otros beneficios,
estabilidad térmica y quimica, posibilidad de variar el nimero y tamafio de sus poros,
estabilidad de las biomoléculas encapsuladas en su interior y resistencia a la pérdida y desorcion

de las mismas.

Se prepararon matrices con la enzima ALP y el p-APP, una vez obtenido el TEOS hidrolizado,
1 ml de este dltimodisolucién con 1 ml de solucién de ALP y 1 ml de solucion de p-APP se ha
mezclado, la mezcla se agitod con cuidado para formar burbujas. Siguiendo este protocolo, la

formacion de gel se produjo en aproximadamente 15 minutos a temperatura y presién ambiente.

Al caracterizan los geles de silice por TG se observa que al aumentar la temperatura la pérdida
de masa para la silice es bastante similar, en todos los casos la pérdida de masa oscila entre el
3y el 5%. Los resultados del analisis termogravimétrico para muestras de silice modificadas
con diferentes concentraciones de grupos metilo en la disolucién del precursor,% molar de
grupos metilo (M), férmula tedrica (obtenida de la solucién del precursor) y formula medida
por TG. En todos los casos, entre 38 y 49% de los grupos metilo se han incorporado
independientemente de la concentracién de precursor utilizada en la solucién precursora. Se
obtuvieron resultados similares de Porcel-Valenzuela sobre gel de silice obtenido por

deposicion electroquimica [250].

Se observa que la cantidad de grupos propilo incorporados en el gel aumenta con la cantidad
creciente de grupos propilo en la solucion precursora. En términos generales, la concentracion
de grupos incorporados en silice es mas alta que en la solucién precursora.
Para la silice modificada con grupos propilo, la descomposicién de la materia organica tiene

lugar a temperaturas entre 550 y 750°C. La descomposicion se produce a valores de temperatura
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mas bajos a medida que aumenta la cantidad de grupo orgéanico en lasilice, es decir, se obtienen

geles mas térmicamente estables utilizando concentraciones mas bajas de precursor organico.

Los precursores de silice convencionales contienen cuatro grupos alcoxido idénticos que son
hidrolizables (enlaces Si-O), generalmente grupos etdxido; mientras que para obtener silice
modificada organicamente, se utilizan precursores que contienen grupos alquilo no
hidrolizables (enlaces Si-C): metilo (M), n-propilo (P), octilo (O) y fenilo (Ph). El uso de la
espectroscopia infrarroja revela la existencia de monolitos quimicamente diferentes y

comparables segun la naturaleza de los precursores utilizados.

Se estudié el comportamiento electroquimico de p-aminofenol en disolucion y en silice
convencional y se muestra la actividad electroquimica de un electrodo de carbono frente la
sonda redox de p-aminofenol. El voltamograma muestra en el barrido positivo un pico anodico
centrado en 0.418V, que esta relacionado con la oxidacion de (p-aminofenol). En el escaneo
inverso, el contra-proceso faradico ocurre a -0,400V. La separacion de picos es de 818 mV.
Para estas sondas, determinamos el potencial de equilibrio (Eq) de la sonda redox y, después,
deducimos el sobrepotencial n = E-Eq. La separacion de picos entre las caracteristicas anddicas
y catodicas, el sobrepotencial es la diferencia de potencial (voltaje) entre el potencial de
reduccién determinado termodindmicamente de una media reaccién y el potencial en el que se

observa experimentalmente el evento redox.

Hemos sintetizado monolitos de silice utilizando la metodologia sol-gel como se indica en la
seccion experimental. Esto permitid el estudio del comportamiento electroquimico del p-
aminofenol encapsulado, y el comportamiento electroquimico de ferro/ferricyanideen
disolucién y en silice. Estudiamos el comportamiento electroquimico de la sonda encapsulada
con silice; El coeficiente de difusion para silice de Fe(CN)s*3se calculo a partir del valor del
ajuste lineal de pendiente en la figura 4.29, tiene un valor D=4.62x10°cm?2.s™1. Un resultado
similar fue obtenido por otrosautores[260]. Este valor es ligeramente méas pequefio que el valor
en disolucion porque estas sondas redox son mas reversibles en silice, por lo que el coeficiente

de difusion disminuye.

El caracter quimico de la silice se modulé mediante la introduccion de funcionalidades
organicas y se estudio con la sonda redox de p-aminofenol se obtuvo.El voltagrama ciclico
estabilizado de electrodo de carbono sumergido en monolito de silice de p-aminofenol e

introduciendo el grupo metilo, propilo, octilo y fenilo en diferentes concentraciones (1-20%)
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en la composicion de gel a una velocidad de barrido de 100 mV s, Observamos que esta sonda
es mas reversible con funcionalidades organicas en diferentes concentraciones que en el
monolito de silice convencional, por lo que enfocamos el estudio de la separacion de picos, el
valor de la separacion de picos de p-aminofenol del monolito de silice convencional y luego,
cuando modificamos con funcionalidades organicas en diferente concentracion, es mas
reversible con una pequefia concentracion de funcionalidades orgénicas que en el monolito de
silice convencional, excepto con el grupo octilo, es mé&s reversible con una mayor concentracion

de funcionalidades organicas (10 y 20%).

El caracter quimico de la silice se modulé mediante la introduccion de funcionalidades
organicas y se estudio frente la sonda redox Ferro/Ferricianuro, se obtuvo el voltagrama ciclico
estabilizado de electrodo de carbono sumergido en monolito de silice con Ferro/Ferricianuroe
overcome introduciendo el grupo metilo, propilo, fenilo y octilo a diferentes concentraciones
(1-20%) una velocidad de barrido de 100 mV s. Observamos que es mas reversible con
funcionalidades orgéanicas en diferentes concentraciones que en el monolito de silice
convencional, por lo que enfocamos el estudio de la separacién de picos. El valor de la
separacion de picos del ferrocianuro del monolito de silice convencional y la modificamos con
funcionalidades organicas a diferentes niveles concentracion. Este proceso es mas reversible

con funcionalidades organicas que en el monolito de silice convencional.

Los estudios preliminares para el desarrollo de un biosensor basado en la actividad de la
fosfatasa alcalina fueron estudiados. La fosfatasa alcalina (ALP) es una enzima hidrolasa que
pertenece al grupo de las hidrolasas fosforicas y, por lo tanto, es capaz de catalizar la hidrolisis
de un enlace quimico. Su actividad principal es llevar a cabo la desfosforilacién de ciertas
moléculas como proteinas, nucleétidos y alcaloides, a pH alcalino, como sugiere su nombre.
Por todo esto también se le llama hidrolasa orto-fosforica-monoéster. Se describe un sustrato
alternativo para los inmunoensayos enzimaticos con deteccion electroquimica. La actividad de
la fosfatasa alcalina se determina utilizando fosfato de p-aminofenilo como el sustrato
enzimatico. El p-aminofenol generado por la enzima se detecta amperometricamente en un
electrodo de carbono. Comenzamos primero con el estudio de p-aminofenil fosfato y fosfatasa
alcalina en solucion, tomamos 1.5 ml de cada solucion. El voltagrama ciclico de un electrodo
de carbono sumergido en una solucion de p-aminofenil fosfato (10 mM) y fosfatasa alcalina.
En el barrido a potenciales positivos observamos que emergen a 1.8 V una densidad de corriente
de oxidacion, debido a la formacion de p-aminofenol. Inicialmente, la densidad de corriente es
cercana a 0 en el potencial de la zona entre -1.4 y 1.8 V, observamos el crecimiento de la
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corriente en esta zona, pero a partir de 140 minutos se estabiliza; la evolucion del pico de
corriente frente al tiempo para el electrodo de carbono sumergido en una solucion de p-
aminofenil fosfato y fosfatasa alcalina; La evolucion del pico actual frente al tiempo para el
electrodo serigrafiado sumergido en una solucion de p-aminofenil fosfato y Fosfatasa Alcalina.
Hicimos el mismo estudio, pero encapsulando en silice. Y se observo una cinética de formacion

de p-aminofenol similar.
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