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Abstract

This PhD project aimed to investigate the possibility of using Odorant Binding
Proteins (OBPs) as sensing layers of chemical sensors, for the detection of
organic compounds in both vapour and liquid phases.

OBPs are small soluble proteins present in high concentrations in the olfactory
system of vertebrates and insects. OBPs are attractive in the biosensor field
since they can bind odorants and pheromones in a reversible way. They are
resistant to high temperatures and protease activity and they can be easily
expressed in large amounts.

OBPs belonging to different species of mammals and insects were utilised for
developing biosensors relied on different transduction mechanisms.

Recombinant OBPs were grafted on the gold electrode of transducers by using
Self-assembled monolayers (SAMs) of alkanethiols. The efficiency of the
immobilisation method was proved by using electrochemical techniques.

Quartz crystal microbalances (QCMs), screen-printed electrodes (SPEs) and
interdigitated electrodes (IDEs) were employed for developing three types of
OBP-based biosensors.

I.  QCMs functionalised with OBPs were tested against pheromones (i.e.
bombykol and bombykal) and volatile compounds found in foodstuffs (i.e.
pyrazine derivatives and geosmin) in vapour phase. The QCM based
biosensors showed a good degree of selectivity and a detection limit of
the order of parts per billion, in air.

II.  In liquid phase, impedimetric biosensors based on SPEs also showed a
good selectivity and sensitivity being able to detect analyte
concentrations of the order of 10° M.

lll.  OBPs immobilised on the gold electrodes of IDEs were instead tested
against S-(+) carvone vapour, proving that the binding activity of the
proteins was preserved in vapour phase and can be quantified as
variation of capacitance.

The developed OBP biosensors showed good selectivity, sensitivity and stability
over time in both liquid and vapour phase. The responses of the sensors were
reversible, allowing to the device to be used several times. Moreover, the
biosensors were label-free, hence the interaction between OBPs and ligand
was directly detected without using auxiliary probes/species.



With these findings, we envisage the use of our biosensors in several
applications, including monitoring of the quality of food along the transportation
and storage, controlling of pests and useful insects in agriculture, or as
analytical devices for studying the dynamics in binding processes.
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CHAPTER 1: Introduction

1 Introduction

1.1 FlexSMELL project

FlexSMELL was a Marie Curie Initial Training Network (ITN) funded by the
European community. The aim of the FlexSMELL project was to develop smart
tags, for controlling food freshness and quality through the transport and
storage in order to reduce the waste of food. In fact, every year 1.3 billion
tonnes of food is lost before it reaches the marketplace (1). The use of
detectors, for monitoring parameters as freshness, ripening and deterioration of
food in real-time, could considerably reduce their waste. The FlexSMELL tags
consisted of chemical sensors based on biological odorant receptors and
organic semiconductors developed on flexible substrates. The devices were
integrated with radio frequency technologies, for allowing real-time monitoring

along with food traceability.

FlexSMELL involved more than five universities and research centres across
Europe i.e. the University of Bari (Italy), the Ecole Polytechnique Federale de
Lausanne (Switzerland), the University of Tubingen (Germany), the University
of Manchester (UK), the University of Sheffield (UK), the Valtion Teknillinen
Tutkimuskeskus (Finland) and the Nederlandse Organisatie voor toegepast-

natuurwetenschappelijk onderzoek (Nederland).

Two industrial partners involved in food packaging (Carton Pack) and organic
electronic sensors (Nanoident) were also part of the project.

The University of Manchester was responsible for the selection and
functionalization of different transducers with appropriate sensing materials.
Two types of sensing layers were chosen for the project. They included organic

semiconductors and olfactory proteins.

As an early stage researcher, | was involved in the synthesis and testing of
olfactory proteins for biosensor applications. Odorant Binding Proteins (OBPSs)

14



CHAPTER 1: Introduction

were investigated as bio-recognition elements of the FlexSMELL smart tag due
to their unique property to bind chemical molecules in a reversible way. OBPs
are soluble proteins mainly involved in the perception of odours and
pheromones. The good affinity of OBPs toward odours released by vegetables
and spoiled food has been frequently reported. The first Odorant Binding
Protein was indeed discovered in cows for its affinity against the strong bell
pepper smell, 2-isobutyl-3-methoxypyrazine (2). Other OBPs were described to
bind metabolites produced by foodborne pathogens. For instance, OBP1 of
Polistes dominula showed a good affinity against dodecanol, a long-chain
alcohol released from the bacterium Escherichia coli (3). Major urinary proteins
(MUPs) of mouse bind geosmin. A secondary metabolite produced by both
Penicillium species (4) and Actinomycetes, which is responsible of a strong
earthy flavour in contaminated food (5). Moreover, OBPs can also find
applications apart from the food monitoring. In the agriculture, for instance, they
can be used for the control of useful insects and pests due to their high affinity

against pheromones.

In FlexSMELL, the possibility of using OBPs as bio-recognition elements of
different transducers was investigated. Mass and impedimetric sensors were
successfully developed for detecting several classes of analytes in both vapour

and liquid phases.

OBPs have demonstrated to be a powerful tool for the development of
biosensors. They can resist high temperatures and proteases without losing
their activity. The OBP-based biosensors showed high performance in
selectivity and sensitivity especially against natural ligands when compared to

traditional analytical equipment i.e. GC-MS.

15



CHAPTER 1: Introduction

1.2 Biosensors

Biosensors are analytical devices that combine biological recognition elements

to a signal transducer and convert biological interactions into detectable electric

signals (6;7). According to the IUPAC classification, a biosensor can be defined

as “a self-contained integrated device which is capable of providing specific

quantitative or semi-quantitative analytical information using a biological

recognition element (biochemical receptor) which is in direct spatial contact with

a transducer element ” (8).

All biosensors are generally composed of four main elements (Figure 1):

(1

(11

(1)

() bioreceptor
() transducer
(1) amplifier and signal processing

The bioreceptor or recognition element
is typically represented by enzymes,
DNA/RNA

molecules, whole cells or organisms (6).

receptors, antibodies,
The bioreceptor recognises biological or
chemical analytes either in solution or in
atmosphere, generating a detectable
signal.
The

interactions

transducer converts biological

into a  measurable
electronic output.

The amplifier and the signal processing
are standard electronic components.
They are used to process the
transducer signal into a final output,
be

conventional units (7;9).

which  can displayed using

&

o
®@ o
& ©
W@ ® &

q&&“e’

Bioreceptor

v v

Amplifier

Figure 1. Schematic representation
of a biosensor.
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CHAPTER 1: Introduction

Biosensors are highly sensitive, low cost and portable devices that are
becoming attractive alternatives to conventional analytic techniques. They can
find applications in several areas ranging from disease screening and
diagnosis, food quality control and environmental monitoring. In addition,
national security departments are aiming to employ biosensor technology in the
detection of warfare threat agents and illicit substances (10). The global
biosensor market is rapidly growing and it is predicted to reach $ 17.3 billion by
the year, as reported in a study of the Global Industry Analysts, Inc., 2015 (11).

1.2.1 Biosensors history

1.2.1.1 First generation of biosensors

Prof. Leland Charles Clark Jr. is considered the pioneer of the biosensor
research. In 1956, an early study on the use of a platinum electrode for
measuring the oxygen concentration in blood was published. Nowadays, this
first amperometric sensor is known as “the Clark electrode” (12). In 1962, at the
New York Academy of Sciences symposium, Clark and his colleague Lyons
presented the first “enzymatic electrode” for monitoring the glucose in blood.
Glucose oxidase (GOx) was immobilised at the interface of a Clark oxygen
electrode using a dialysis membrane. The reaction catalysed by the GOx led to
the oxygen reduction, considered to be proportional to glucose concentration in
the blood (13).

In 1973, Guilbault in co-participation with Lubrano described a blood glucose
sensor based on the amperometric detection of hydrogen peroxide. Hydrogen
peroxide is produced by the oxidation of the glucose in gluconic acid in the
reaction catalysed by GOx (14). The resulting biosensor offered a good
accuracy and precision in concomitance with the low volume of blood tested,
about 100 pL (15;16).

In 1975, the findings of Clark’s studies became a commercial reality. The

Yellow Springs Instrument Company launched on the market the first

17



CHAPTER 1: Introduction

commercial glucose analyser, which was based on the detection of hydrogen

peroxide (13).

In the same year, Janata introduced for the first time the concept of
immunosensors (17). In this work, a sensor based on the protein ovalbumin for
studying the interaction against anti-ovalbumin antibodies was developed. The
formation of the antigen-antibody complex was detected as a variation of the
electrode potential. However, the poor quality of the generated signal did not

permit quantitative evaluation of the analyte (17).

The low sensitivity displayed in this first generation of immunosensors was
afterward improved by introducing of labels (18). Antibodies and antigens can
be conjugated with active labels or probes such as radionuclides, fluorophores
and redox enzymes, in order to amplify the intensity of the signal (19). Active
probes can generate detectable signals as consequence of the molecular
recognition event, providing quantitative information about the ligand. However,
the lack of an ideal label along with the long incubation time have limited the

use of these types of immunosensors (20;21).

1.2.1.2 Second generation biosensors

In the second generation of biosensors, specific redox 'mediators’ were used to

improve the accuracy of sensing measurements.

In 1984, Cass et al. developed an amperometric electrode for the detection of
glucose. A substituted ferricinium ion was used as a mediator of the electron
transfer between the GOx and the electrode. The developed sensor permitted a
rapid and reproducible analysis of the glucose in solution, either from plasma or
blood, with a minimal sensitivity to oxygen concentrations and to changes in pH
(22). The use of mediators could efficiently decrease the potential applied to
the biosensor and therefore, reduced the interference from electrochemically

oxidisable compounds present in the sample (23).

18



CHAPTER 1: Introduction

During the eighties, the second-generation of biosensors were for the first time
commercialised. In 1987, MediSense (Waltham, MA) launched a disposable
screen-printed enzyme electrode for home blood-glucose monitoring. The pen-
sized glucose meter was based on quinoprotein glucose dehydrogenases and
a ferrocene derivative mediator (24). Since then, over 40 different enzymatic
strips and pocket-sized monitors (16) have been commercialised for the assay
of blood glucose (24).

In the same period, optical transducers were harnessed in conjunction with

antibodies to develop label-free bioaffinity sensors (25).

In 1983, Liedberg used the Surface Plasmon Resonance (SPR) technique for
studying the affinity between immunoglobulin G and antihuman y-globulin, in

real-time (26).

Ingemar Lundstrom and his team together with the BlAcore Company
developed a new generation of biosensors based on SPR. In 1990, the

Biacore® platform was for the first time launched on the market.

This second generation of immunosensors was based on the direct detection of
the antibody-antigen complex by using improved transduction mechanisms. In
fact, the use of transducers based on mass, optical and electrochemical
methods allowed to convert directly biological interactions into measurable
electric signals (21).

1.2.1.3 Third generation biosensors

The third-generation of biosensors involved the immobilisation of redox
enzymes directly on to the electrode surface, without the use of mediators. The
redox enzyme acts as an electrocatalyst, facilitating the direct electron transfer
(DET) between the electrode and the substrate (27).

19



CHAPTER 1: Introduction

In 1977, Hill and Kuwana, in two independent studies, reported for the first time,
the direct electron transfer propriety between cytochrome ¢ and electrode (23).
In 1979, DET between large redox enzyme such as laccase and carbon black
electrode, was revealed in presence of oxygen (28). Later publications reported
also the use of heme-containing oxidoreductase immobilised on carbon black
electrodes for the detection of oxygen peroxides, organic hydroperoxides,
phenols and aromatic amines (27).

This third generation of biosensors showed a higher selectivity due to the
absence of mediators and an operating voltage close to the redox potential of
the enzyme. However, only few enzymes exhibit natural DET at the normal
electrode surface. This drawback was overcome by the co-immobilisation of
proteins and mediators directly on the electrode surface or into a conducting
polymeric film (29) as described by Ohara et al. in 1993 (30). The co-
immobilisation prevented the mediators from diffusing out of the biosensor film
and improved the transport of electrons between the active site of the enzyme
and the surface of the electrode(31). In addition, the close proximity of the
enzyme and the mediator to the surface of the transducer, minimised the

electron transfer distance reducing the response time (29).

1.2.2 Types of biosensors

As mentioned above, a biosensor is commonly composed of a recognition
element, a signal conversion unit and an output interface. Biosensors can be
classified on the basis of the bioreceptor and transducer utilised as summarised

in Figure 2.
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Biosensors
Bioelement Sensor Element _
Amperometric
| —— Electrochemical Potentiometric
Non-catalytic Catalytic — Optical Impedance
— Antibody — Enzyme —— Thermal
—— Receptor — Cell | Mass/ Acoustic wave
— Nucleic Acid —— Tissue
— Polypeptide — Organism
Figure 2. Schematic representation of the main components of a bi 0sensor.

1.2.2.1 Recognition elements

The recognition element is the biological component of the biosensor and it is
responsible for the initial events of signal generation. There are various types of
recognition elements, ranging from whole cells to nucleic acids. Recognition

elements can be divided into two categories: catalytic and non-catalytic (32).

Catalytic elements include enzymes, whole cells, tissues and microorganisms.
They are based on the catalytic transformation of substrates into products,

which can be detected at the transducer interface.

Catalytic enzymes are largely used as bio-recognition elements. They can
catalyse the formation of a variety of detectable products such as protons,
electrons, light and heat with a high substrate-specificity (33). Glucose oxidase
and glucose dehydrogenase have been employed for more than fifty years for
measuring glucose in blood samples, representing about 90% of the global
biosensor market. However, the performance of biosensors based on enzymes

can be affected by several factors, such as the enzymatic concentration, the

21



CHAPTER 1: Introduction

pH, the temperature and in some cases, the availability of cofactors can limit the

enzymatic reaction (34).

Whole cells have gained a special attention for biosensor applications, due to
their simplicity of operation (35), their capacity to detect a wide range of
chemical substances and to low costs. They are also more tolerant to the
environmental conditions that may be harmful for isolated enzymes or proteins.
Cells are also a multipurpose catalyst, especially when the process requires the
participation of several enzymes in sequence (36). On the other hand, the use
of living cells has the disadvantage of longer and less sensitive responses when
compared to conventional enzymatic sensors. Substrates have to cross the cell
membrane and/or the cell wall in order to reach the cytoplasm where reactions
take place (35).

Tissues can be also used as bio-recognition elements as they are sources of
enzymes. Several biosensors based on both vegetal and animal tissues have
been developed and studied. Ground asparagus tissues and ferrocene were
used as a peroxidase sensor (37), homogenates of fresh broad bean tissues
were instead investigated to detect phenolic compounds in drinks (38). The
porcine kidney tissue was used to determine lactic acid in human plasma and
milk (39). However, their poor reproducibility has limited their use for sensing

applications (35).

Non-catalytic elements, such as antibodies, receptors, polypeptides and
DNA/RNA are also employed in biosensor applications. Chemical interactions,
occurring between the bio-recognition element and the analyte, can be detected

by the transducer and converted in a detectable electric signal.

Antibodies are complex biological molecules that exhibit a high capability of
binding toward specific molecular structures. Antibodies can be used in
biosensing in both direct and indirect interaction approaches. In the direct form,
antibodies are immobilised on the transducer surface and bind free target

compounds.
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In the indirect form instead, antigens are linked on the solid surface, interacting
with free antibodies (40). Antibodies are generally used for detecting antigens in
serum, toxins, bacteria and virus that may affect the health of humans (41). In
the last few years, a significant attention has been given to the use of antibodies
in assaying the quality of drinking water (42), food (43;44),detection of

hazardous materials and illicit drugs (45).

Receptors and carrier proteins are also utilised as recognition elements. These
proteins provide a means of molecular recognition, acting as a active site i.e.
ion channels or a potential sensitive site (46). Biosensors based on receptors
have been developed as point-of-care tests in the detection of potential cancer
biomarkers (47) or in monitoring hormone levels in blood (48). Olfactory
receptors have also been used in the detection of volatile molecules (49).
Receptors show in general a high degree of sensitivity and selectivity toward
target ligands, these being essential features for the development of high

performance biosensors.

Oligopeptides based biosensors have been successfully employed for detecting
mycotoxins (50), biomarkers of hepatotoxicity (51) and dioxins in food (52).
They can be either natural peptides or proteins portions (5-10 amino acid
residues), such as the active site of a receptor or the single chain variable
fragment of antibodies (51). The advantage of using fragments of proteins lies
in the fact that their activity is not affected by conformational changes, as it

might occur in case of whole proteins.

Nucleic acid biosensors have been primarily employed in clinical diagnostic for
the detection of viruses (53) and bacteria such as E. coli, Proteus mirabilis,
Pseudomonas aeruginosa and Enterococcus spp. (54). The specificity of the
interaction dependents on the ability of different nucleic acid sequences to form
hydrogen bonds with the complementary probes (55). The system is highly
selective and able to detect variations of a single nucleotide in the sequence.
However, a pre-treatment step is required for releasing nucleic acids of the

sample in the medium.
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1.2.2.2 Transducers

The transducer converts bio-recognition events into measurable signals.
Transducers can be clustered in four main classes (40) on the basis of the

transduction mechanism used.

1) electrochemical

2) optical

3) mass sensing/ acoustic waves
4) thermal

Electrochemical biosensors can be divided into three main groups:

potentiometric, amperometric and impedimetric transducers (6).

Amperometric and potentiometric systems typify the most commonly used
electrochemical transducers. The detection of analytes, through biological
elements, often generates chemical species that can be measured at the

electrode interface.

For potentiometric measurements, the relationship between the concentration of

the analyte and the potential is governed by the Nernst equation (Equation 1)

E=E°- ﬁan Equation 1
nF

where, E represents the observed cell potential at zero current, E? is the
standard cell potential, R the wuniversal gas constant, T the absolute
temperature in Kelvin, n is the charge number of the electrode reaction, F is the
Faraday constant and Q is the ratio of ion concentration at the anode to ion

concentration at the cathode (56).
Amperometric biosensors rely instead on a constant potential applied between

the working and the reference electrode. The imposed potential promotes redox
reactions at the electrode surface, which produce a measurable current. The
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magnitude of this current is proportional to the concentration of the electro-
active species in the solution (57). The simplest amperometric sensor is the
Clark oxygen electrode. This consists of a cathode of platinum and a
silver/silver chloride reference electrode. When a potential is applied between
the cathode and the reference electrode, a current proportional to the oxygen
concentration is then produced (58). The intensity of the current can be used to
estimate the oxygen concentration in blood or in biological fluids. Figure 3
shows a schematic representation of a glucose biosensor based on Clark’s

oxygen electrode.
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Figure 3. Schematic diagram of a simple amperometric biosensor. A potential is applied
between platinum and the silver electrode. This generates a curre nt (I) which is carried
between the electrodes by means of a saturated solution of KCI. The enzyme, glucose

oxide (GOx) is contained in a membrane at the electrode interf ace, which is permeable
only to oxygen. Figure adapted from Soledad et al. (59)

Amperometric biosensors are used on a large scale for the detection of several
analytes such as glucose, lactate and sialic acid (60). Moreover, they have
been studied for detecting of pesticides (61) and pathogens such as Bacillus
cereus, Mycobacterium smegmatis (62) and Francisella tularensis (63).

Potentiometric biosensors are instead based on ion-selective electrodes (ISE)
and ion-selective field effect transistors (ISFET). They look at the potential
difference between the working and the reference electrode at zero current,
monitoring the accumulation of charges generated by biological reactions at the
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electrode interface (60). Potentiometric biosensors consist of a perm-selective
outer layer and a bioactive element, usually an enzyme. Enzymes catalyse
reactions that either consume or generate chemical species, which can be
measured by using conventional electrochemical methods. However,
potentiometric sensors are more sensitive at lower concentrations, as they rely
on logarithmic concentration responses (64). ISFETs based biosensors were
used for developing DNA sensors, immunoassays and for monitoring living cells
in vivo (65). Nevertheless, the incompatibility between the bio-molecule
immobilisation protocols and the ISFET fabrication have limited the use of

ISFETS for sensing applications compared to other technologies (64).

Biosensors based on impedance are also classified as electrochemical
transducers. Impedimetric biosensors are based on the commonly used
technique called electrochemical impedance spectroscopy (EIS). In this
technique, a low voltage sinusoidal electrical signal is applied at various
frequencies to an electrochemical cell. The resulting current is used to
determine the impedance as a function of the probed frequencies. The
interactions between the bioreceptor and the target compounds lead to changes
in the electrical impedance value (64). Impedimetric biosensors have been
successfully used for detecting foodborne pathogenic bacteria (66), DNA
fragments (67) and as immunosensors (68). The high sensitivity, up to 1 fg ml™
(67) and the simplicity in the interpretation of the result make the impedimetric

devices a powerful tool for biosensing applications (64).

Electrochemical transducers are the most commonly used platforms for
biosensors, due to fast response time, great simplicity and low costs (58).
Nonetheless, the regeneration of the working electrodes, between successive
measurements, limited the use of this technology. The commercialisation of
single-use disposable screen-printed electrodes (SPESs) has entirely overcame
this problem (69).

A wide range of optical techniques has been employed in conjunction with

biological elements. Optical detectors can rely on several methodologies, which
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include absorption, reflectance, luminescence, chemiluminescence, evanescent
wave, surface plasmon resonance and interferometry (70). Amongst several
types of optical biosensors available, Surface Plasmon Resonance (SPR) is the
more widespread platform (71). SPR is a real-time and label-free optical
detection method, which is used for studying the interactions between target
compounds and the bio-functionalised surface (72). SPR measures minute
changes in the refractive index at and near the surface of the sensing element
(Figure 4). In the case of immunosensors, the interaction between antibodies
and antigens leads to a change in the reflectance index. The variation of the
SPR angle is then directly correlated to the concentration of antibodies in the
solution (73).

}- L Flow channel Y Y
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light

Polarized
light

Figure 4. Schematic representation of a SPR device. A glass slide with a thin gold
coating is set on a prism. The light diffuses through the prism and t he slide, reflects off
the gold and passes back through the prism to a detector. Any change in the reflectivity
in the angle or in the wavelength, gives a signal that is proporti onal to the concentration
of biomolecules bound on the surface.

Optical biosensors have found applications in several fields. In medical
diagnosis, they have been employed for monitoring cancer (6) and cardiac
diseases biomarkers (74). In the food industry, they have been used for the
detection of pathogenic bacteria, toxins and contaminants (75) as well as for the
control of environmental pollution (76).

Mass sensitive transducers, like quartz crystal microbalances (QCMs or QMBS)
and surface acoustic waves (SAWS) are highly sensitive devices, able to detect
any small change in mass occurring on their surface (40). Mass transducers

rely on solid wafers of piezoelectric material that can generate acoustic waves

27



CHAPTER 1: Introduction

in the substrate of the sensor. The acoustic waves can propagate on the
surface i.e. surface acoustic wave (SAW) or in the bulk of the resonator i.e.,
quartz crystal microbalances. The adsorption and/or binding of molecules on to
the sensor surface lead to changes in the physical proprieties of the acoustic
wave. These changes can be detected, providing quantitative information about

the amount of the adsorbed material (77).

QCMs are the more widely diffused mass transducers. They are very sensitive
transducers able to detect up to picogram mass changes. When an alternating
potential is applied to a crystal, it starts to oscillate at a characteristic “resonant
frequency”. Any modification in the physical proprieties of the crystal, such as
changes in the global mass or in the thickness, lead to a proportional variation
of the resonant frequency (78). The quantity of mass added to the resonator
surface can be easily estimated by using appropriate equations. QCMs
transducers are described in more detail in the section 1.3.3.1.

Surface acoustic wave (SAW) sensors consist of one or more interdigitated
electrodes built on a piezoelectric substrate, such as quartz, lithium niobate, or
lithium tantalate. The electrodes convert electrical signals in to acoustic waves
and vice versa. The acoustic waves are propagated along the substrate
between the two electrodes with a characteristic speed (77). Mass adsorption,
modifications of the viscosity or conductivity can induce variations in the
acoustic wave velocity (79;80). Such variations are detected as electrical
signals by the system, giving information about any chemical and physical

changes that occur on the surface.

Electrode Electrode

Piezoelectric substrate

Figure 5. Schematic representation of a SAW transducer.
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In the last ten years, mass transducers have been employed in a wide variety of
applications, which include detection of low molecular weight ligands (81;82),
cancer biomarkers (83), pathogenic bacteria (75), viruses (84), genetic

screening (85), protein interactions (86) and for the study of cancer cells (87).

The final category described in this section is that of thermal transducers.
Thermal transducers are based on the measurement of the heat produced by
the reaction between the receptor element and the analyte. The metabolic
activity of the bio-component causes an increase in temperature, which is
transformed into a detectable electrical signal. The amount of heat produced is
proportional to the concentration of the reactant. All chemical reactions are
accompanied by the absorption or evolution of heat. For instance, the
immunoreaction between anti-HSA (human serum albumin) and its antigen
yields -30.5 kJ/mol (88). Thermal transducers can be classified according to the
process of heat transfer. Isothermal calorimeters maintain the reaction cell at
constant temperature, measuring the amount of energy required. Heat
conduction calorimeters measure the temperature difference between the
reaction vessel and an isothermal heat sink surrounding it. The most commonly
used is the isoperibol calorimeter that also measures the temperature difference

between the reaction cell and an isothermal jacket surrounding it (73).

— P

Figure 6. Schematic diagram of a calorimetric biosensor. The s ample stream (a) passes

through the outer insulated box (b) to the heat exchanger (c) within an aluminium block
(d). From there, the sample reaches the reference thermistor (e) and enter into the
packed bed bioreactor (f), containing the biocatalyst, where the r eaction takes places.

The change in temperature is determined by the thermistor (g) de termines the difference
in the resistance, and hence temperature, between the thermist ors.
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The diffusion of thermal transducers for sensing purposes is still limited,
probably due to the complexity of the instrumentation used (89). However, they
have found application in clinical diagnosis (90;91), in on-line food process

monitoring (92) and in the control of environmental contaminants (93).

1.2.2.3 Immobilisation methods

The immobilisation of biomolecules onto the transducer surfaces is a crucial
step in the development of efficient and high performance biosensors (94). The
immobilisation procedure involves the process of making biochemical
components insoluble by linking them onto solid surfaces (35). The chosen
immobilisation method should not affect any aspect of the structure and
conformation of the biomolecules as well as their biological activity. However, it
has to ensure that the biomolecules are tightly attached on the surface and that
they will not be desorbed during the use of the sensor. An efficient
immobilisation strategy is simple, fast and sensor-to-sensor reproducible,
moreover, it should improve the bio-element stability to enable long-term
applications (95). Intensive efforts have been done to develop successful
immobilisation methodologies able to improve important aspects of the

biosensor application such as sensitivity and stability (94).

The immobilisation methods used for developing biosensors can be clustered in

five main groups (Figure 7):

1) physical adsorption
2) covalent binding
3) entrapment

4) cross-linking

5) affinity
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Figure 7. Biological elements and transducers can be coupled by using five different
immobilisation methods, including physical adsorption, covalent binding, cross-linking,

affinity and entrapment.

The choice of an appropriate immobilisation method is strictly dependent on the
nature of the biological element and the type of the transducer used, as well as
on the operating conditions of the biosensor (89).

Adsorption of bio-molecules, from solution onto solid surfaces, can proceed via
either physical or chemical interactions. The physical adsorption involves van
der Waals forces, ionic bonds or hydrophobic forces, whereas in the chemical
adsorption there is a sharing or transfer of electrons to form a chemical bond.
The main advantage associated with the physical adsorption is due to the
simplicity of the method, which can be performed under mild conditions without
altering the bio-chemical proprieties of the bio-element. However, biomolecules
immobilised through adsorption exhibit a certain degree of reversibility, and with
few exceptions, the forces involved in the binding are not very strong. Moreover,
an irregular distribution of randomly oriented proteins is commonly observed on
the surface (96;97). Despite the low stability and reproducibility of this method,
physical adsorption remains the major system in use in clinical assay systems,
i.e. ELISA (98).
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An alternative approach to graft biomolecules on sensor surfaces is via covalent
binding. Biomolecules are immobilised on solid surfaces through the formation
of defined bonds (99;100). The covalent binding of biomolecules to solid
surfaces is a procedure that minimises the loss of the biological activity (101).
This method has been employed to improve uniformity, density and
reproducibility of bound proteins and nucleic acids on solid surfaces. Proteins,
for instance, display many functional groups that can be used for covalent
immobilisation. These include amino groups (e.g. lysine), carboxyl groups (e.g.
aspartic acid and glutamic acid), sulfhydryl groups (e.g. cysteine), etc. The
functional groups involved in the immobilisation reaction should not be part of
the active site of the bio-molecule to avoid any possible loss in the activity.
Metal surfaces of the transducers, such as gold and silver, can be modified by
using hydroxyalkanethiols to generate hydroxyl, carboxyl or amino groups that
can react with specific functional groups of the bio-molecule (102). These
techniques include the Self-assembled monolayers (SAMs) method.

SAMs are well organised two- or three-dimensional supramolecular structures
formed by the adsorption of an active surfactant on a solid surface (103) (Figure
8). The spontaneous self-assembly is driven by specific interactions between
the head of “self-assembling molecules” and the surface, followed by a self-

organisation of a monomolecular film (104).

The types of monolayers mainly used for biosensor applications are based on
the strong adsorption of disulfides (R—S— S—R), sulfides (R—-S—R) and thiols (R—
SH) on gold (105). Thiols are chemisorbed on gold, through the oxidation of the
S-H bond, followed by a reductive elimination of hydrogen and formation of
thiolate ions. The adsorption of disulfides, instead, is due to a simple oxidative
addition of the S-S bond on the gold surface. The formation of self-assembled
monolayers of thiols on gold surfaces has a biphasic kinetic behaviour. After an
initial fast step, which is triggered by the reaction of the sulphur group with the
gold surface, a slow second phase begins the formation of a crystallised
surface. Alkyl chains of alkanethiols are arranged into unit cells, forming a two-

dimensional crystal (103).
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SAMs of thiols on gold seem to be the most promising domain for developing
biosensors. SAMs of alkanethiols bear carboxylic functional groups, which can
be easily activated by using carbodiimides in order to form stable peptide bonds

with amino groups of the proteins (106).

Figure 8. 3D-structure of an organised SAMs of alkanethiols on gold . In yellow are
displayed the sulphur groups. Figure adapted from Castangia (107).

Covalent coupling is a technique applied in many biosensor systems described
in the literature, resulting in a stable, fast and inexpensive method for linking

different types of biomolecules.

The procedure of entrapping biological components in three-dimensional
matrices has been successfully used for the inclusion of enzymes, cells and
organelles (108). The immobilisation of an enzyme in a polymeric gel or behind
a membrane is a relatively straightforward process. Enzymes, mediators and
additives can be simultaneously deposited in the same sensing layer. The
method does not alter the biological element and the biological activity is
preserved during the immobilisation process (94). Biosensors based on
entrapped enzymes and proteins are often characterised by an increase of the
storage stability. However, leakage of the biological species can lead to
reduction of their activity (98) and sensitivity (109).

Immobilization of biological components by cross-linking with multifunctional

reagents is another well-known approach to develop biosensors.
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Glutaraldehyde is, so far, the most common cross-linking agent for biosensor
applications. Biosensors based on enzymes immobilised in a glutaraldehyde
matrix or in combination with natural polymers have been often used (110). This
method is simple to perform and lead to strong chemical bounds between
biomolecules. However, biomolecules immobilised by using cross-linking can

show lowered activity caused by conformational alterations (94).

Affinity immobilisation methods are based on the strong interactions between
complementary biomolecules. This technique allows an oriented and site-
specific binding of biomolecules on the sensor platforms. Several affinity
methods have been described to immobilise proteins, such as (strept)avidin and
biotin, antibodies and antigens, lectins and carbohydrates and also chelator
agents (94). The affinity interaction involves specific affinity sequences (tag)
and complementary affinity ligands. The tag can be either naturally present in
the bio-element or artificially added, by using genetic engineering methods. The
immobilisation method based on affinity techniques is selective, oriented and
highly reproducible. The minimum effect caused to the biological activity along
with the possibility to re-use the same platform several times make of this

method a promising tool in the biosensors field (111).
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1.3 Aims of the research

This research was focused on the development of simple and portable
biochemical sensors for the detection of organic compounds in both vapour and

liquid phases.

In the last thirty years, great efforts have been made to develop sensors able to
mimic the proprieties of the “human nose”. Electronic noses (E-nose) based on
either metal oxides or conducting polymers (112) have been widely employed to
reproduce the features of the mammalian olfactory system. Unlike most existing
chemical sensors, electronic noses do not sense specific compounds, thus
arrays of sensors are generally used. Output signals from individual sensors are
combined together and processed, in order to produce a distinct response
pattern. However, due to the poor selectivity, the high sensitivity to humidity and
to the drift in the output signal, E-noses will never completely replace complex

analytical equipment or human panels (113).

Mammalian olfactory systems are indeed able to detect thousands of different
pure odours and complex mixtures, within seconds after the exposure. The
dynamic range of the olfactory system enables the detection of concentrations

ranging from saturated vapour to parts-per-billion (114).

Panels of human noses are in fact still widely used as an analytical tool in many
industries to assess the quality of food, drinks, perfumes, cosmetics and
chemical products (115). Animals, such as dogs, rats (116-118) and honeybees
(i.,e. the Vasorl36 developed by Inscentinel Ltd) (119) are successfully
employed for detecting land mines, explosives and diseases. However, even
this technology has some drawbacks such as costs and time for training,
transportation, limited lifetime and environmental limitations. For instance,

heavy rain or snow can affect the detection procedure (120).
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The aim of this research was to combine biological components of the olfactory
system with simple electronic detectors in order to develop a device with high
sensitivity and selectivity, as is the case with the “human nose”. In 2010, when
this project started, there was little research published on the use of olfactory
proteins for sensing applications. The majority of the research in this area was
concentrated with the study of olfactory receptors (ORs) as bio-recognition
elements. In 1999, Wu developed one of the early sensors based on ORs. In
this work, isolated olfactory receptors from the olfactory epithelium of frogs were
conjugated with piezoelectric resonators. The biosensor was studied to detect
volatile compounds such as caproic acid, ionone, linalool and ethyl caproate
(121).

More recently, several OR-based biosensors have been developed and tested
for medical diagnosis and national security purposes. ORs seemed to be the
best candidates for the development of high sensitive and selective sensors,
due to their unigque proprieties. However, the synthesis in large-scale of
functional receptors is the main limitation to the adoption of OR-biosensors. A
complete review of the state of art of OR based biosensor is described in the
section 1.3.4.3.

We believed instead that Odorant Binding Proteins (OBPs) could represent a
valid alternative to the use of ORs. OBPs are small proteins able to bind and to
release volatile compounds. They are highly expressed in the olfactory
structures, where they participate in the perception of olfactory stimuli. OBPs
are also ideal tools for developing chemical sensors. They are robust, can be
expressed in large quantity in the prokaryote system and show versatile
selectivity of binding toward different classes of chemical compounds.
Moreover, it is possible to modify the ligand selectivity of the OBPs by replacing

single amino acids in the binding pocket.
In this research project, the possibility of employing OBPs as sensing elements

was successfully demonstrated. By selecting appropriate transducers, it was

possible to develop a device able to generate electric signals directly from the
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ligand-binding event, without the use of auxiliary probes. The developed OBP
sensors showed important features such as (a) label-free; (b) reusability; (c)
real-time detection and (d) portability. OBP biosensors can be used as
detectors of organic compounds such as pheromones, where a high sensitivity
was demonstrated. Arrays of OBPs were also used for monitoring analytes
released by foodstuff i.e. pyrazine derivatives and geosmin as markers of the

food quality.

In the following sections, individual components of the developed OBP-
biosensors are described and an overview of the structure and the physiological
function of the OBPs are provided. This is followed by a general description of
the transducers employed for the development of the biosensors, such as

quartz crystal microbalances, screen-printed and interdigitated electrodes.
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1.3.1 Introduction to the olfactory system

The detection of chemical signals in the environment is essential for the survival
of most mammals and insects. Animals have developed a highly sophisticated
olfactory system, able to distinguish between thousands of diverse volatile
compounds. Humans, for instance, can discriminate more than a trillion of
olfactory stimuli (122). Vertebrates and invertebrates detect volatile compounds
from the environment and integrate these signals to obtain a complete map of
the surrounding background. Considering the vast range of chemicals and the
anatomical structures of the olfactory systems, fundamental differences are
present in the mechanisms that result in the perception of odorant compounds,

especially between vertebrates and invertebrates.

1.3.1.1 Vertebrate olfactory system

In vertebrates, the olfactory sense is involved in many import aspects of life
such as finding food, detecting predators and prey, marking the territory and in
the mate recognition (123). Odour perception starts in the olfactory epithelium,
which is localised in the nose (124). Three types of cell compose the olfactory
epithelium, such as the olfactory receptor neurons (ORN), the supporting cells
and the basal cells. ORNs are the primary sensing cells involved in the odour
recognition. ORNSs are bipolar neurons with a single dendrite that extends up to
the surface of the epithelium, ending in numerous fine cilia. The cilia, which lie
in the layer of aqueous nasal mucus, are the site where the olfactory receptors
(ORs) are expressed (125). Each olfactory neuron expresses mainly one type of
olfactory receptor (126).

ORs are transmembrane proteins belonging to the family of G-protein-coupled
receptors (127). They are the point of contact between the external environment
and the olfactory system. Odorants reach and bind to ORs, trigger an

intracellular activation cascade, which generates the neuronal olfactory signals.
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The axons of ORNs synapse in specialised structures of the olfactory bulb
called glomeruli. ORNs expressing the same type of ORs make synapses to the
same glomerulus. (128). The olfactory signal is transmitted through the olfactory
bulb to the primary olfactory cortex and then to higher order cortical regions;

where the olfactory stimuli are perceived and processed (129).

Mitral cell

Glomerulus \
Olfactory \ : z
bulb %

Nasal —=F
epithelium

Olfactory receptor
neurons

Figure 9. Schematic representation of the mammalian olfacto ry system. Figure adapted
from Rinaldi (130).

1.3.1.2 Invertebrate olfactory system

In insects, olfactory stimuli are perceived through specialised structures called
sensilla, which are localised mainly on the antennae (Figure 10). The sensillum
is a cuticular sheath with a hair-like shape, which houses olfactory receptor
neurons (ORNs) and three auxiliary cells. The surface of the sensillum is
covered with tiny pores, through which odorants pass in to reach the ORNs
(131). Dendrites of ORNs are contained inside the sensillum cavity surrounded
by the sensillar lymph. The cell body of the neuron is tightly enveloped by the
glia-like thecogen cell. This is partly enclosed by the trichogen and the
tormogen cells (132). These three auxiliary cells are involved in the construction
of the cuticular apparatus (133) and in the synthesis and degrading of proteins
of the sensillar lymph.
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As previously described for vertebrates, olfactory receptors (ORs) are localised
on the dendrites of the ORNSs, and each neuron expresses one or more odorant
receptor genes (134). The invertebrate ORs are atypical seven-transmembrane
domain proteins that form ligand-gated ion channels, by assembling a ligand-
selective subunit with a common olfactory co-receptor (Orco) (135-137). Once
odorant molecules cross the aqueous sensillar lymph and access the ORs a
specific recognition mechanism is activated. The neuronal stimulus is
transmitted from the ORNs to antenna lobe of the brain where they are

processed and trigger behavioural responses (138;139).

Dendrite

Thricogene cell

Axon Sensillar lymph

Tormogen cell
Olfactory

sensory neuron Thecogen cell

Figure 10. Schematic representation of an antenna sensillum. Figur e adapted from Lee et
al. (140).
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1.3.2 Odorant Binding Proteins (OBPSs)

Odorant Binding Proteins (OBPs) are small soluble proteins found in the
agueous environment that surrounds the olfactory receptor neurons in both
vertebrates and invertebrates. The peculiarity of this family of proteins lies in

their ability to bind odorants and pheromones in a reversible way (141).

OBPs were discovered at the beginning of 1980’s in vertebrates by Pelosi et al.
(2;142) and in insects by Vogt and Riddiford (143). Nowadays, several
hundreds of OBPs have been identified and cloned from more than 40 species
of insects (144), and from different species of mammals, including cow (145),
rabbit (146), pig (147), porcupine (148), mouse (149) and human (150).

In the last thirty years, extensive research has been done to find out the role of
OBPs in the olfactory process. Nevertheless, the physiological function of these
proteins is not fully understood. When OBPs were isolated for the first time in
mammals, it was thought that they were directly involved in the olfactory
perception. Following the discovery of transmembrane olfactory receptors in
vertebrates (2;127) and their role in olfactory signal transduction (151),
experimental evidence proved that olfactory perception did not require the
presence of OBPs. Odorant molecules can trigger olfactory stimuli through the
direct interaction with the olfactory receptor (152). However, the high
concentration of OBPs in the perireceptor space (153;154) strongly suggests
their important role in olfaction. The first evidence of the active involvement of
OBPs in the olfactory process was provided through knockout experiments
performed on Drosophila melanogaster. These experiments demonstrated that
the OBP LUSH is necessary for the correct recognition of the male pheromone

vaccenyl acetate (155).

Other studies instead investigated the contribution of OBPs in the recognition of
specific odours in behavioural assays (156-158). The unusual attraction of
Drosophila sechellia for the distinctive smell of the plant Morinda citrifolia was

related to two specific OBPs. The exchange of OBPs genes between
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D.sechellia and other Drosophila species led to a strongly modified behaviour.
Drosophila species that are generally repulsed by odours released by the
tropical plant, were attracted when expressed genes coding for the OBPs of
D.sechellia (158).

In another work, the behaviour of OBPs mutants of D. melanogaster was also
investigated. Mutated flies, lacking in a specific OBP gene, were tested against
the same set of odours. This work clearly demonstrated that the lack of a single
gene encoding for a specific OBP was enough to alter the olfactory
performance of the fly (156). Moreover, conformational changes in the structure
of LUSH were considered responsible of the activation of the specific olfactory
receptor. Flies engineered with a mutant version of LUSH, which mimicked their
conformations in the complex with the pheromone, were reported to activate the

specific olfactory receptor permanently (159).

The evidence clearly proves that OBPs are essential in the perception of the
olfactory stimuli. The lacking or swapping of a single OBP can completely alter
the behavioural response in the animal. However, further studies and
investigations are required to understand the role OBPs play in the olfactory
perception process in terms of the physiological mechanism at based of the

olfactory receptor interaction.

1.3.2.1 Structure of Odorant Binding Proteins

The tertiary structure of OBPs is widely different between vertebrates and

invertebrates.

OBPs of vertebrates belong to the lipocalin superfamily (160) that includes
carrier proteins, such as the retinol-binding protein, the B-lactoglobulin and other
proteins with different functions. Their three-dimensional structures is organised
in a B-barrel domain, with a calyx-shaped cavity, made up of eight antiparallel 3-
sheets with a short segment of a- helix at the C-terminus (154;161). Cysteine
residues can be present or not in the amino acid sequence of the vertebrate
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OBPs. For instance, bovine OBPs lack cysteines, while others OBPs like
porcine OBPs have a single disulphide bridge. However, the presence of
disulphide bridges does not play a major role in the stability of the mammalian

OBPs but instead does so in the insect.

The insect OBPs present a completely different tertiary structure. They are
constituted by six a-helical domains arranged in a very compact structure, which
encloses a hydrophobic cavity (162). The structure of insect OBPs is stabilised
by three interlocked disulphide bridges (163), representing the characteristic
fingerprint of all insect OBPs. Despite the large variability in amino acid
sequences, the structure of the insect OBPs is well conserved across different
Orders of insects (164).

Figure 11 displays the tertiary structure of both vertebrates and invertebrates
OBPs.

INVERTEBRATES VERTEBRATES

Figure 11. Tertiary structure of invertebrate (left) and vertebrate OBP (right).

1.3.2.2 Classification of Odorant Binding Proteins.

So far, Odorant Binding Proteins have been identified in a large number of
vertebrate and invertebrate species. The family of OBPs comprises a
heterogeneous group of proteins with different biochemical features, but all
associated by the common property of binding chemical compounds. Vertebrate
and invertebrate OBPs have been classified in several subgroups on the basis

of their amino acid sequences.
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In insects, OBPs are clustered in three main groups (144):

a. Pheromone Binding Proteins (PBPs), which are preferentially
expressed in the pheromone-sensitive sensilla (165).

b. General Odorant Binding Proteins (GOBPs) are mainly found in
the sensilla basiconica, that generally respond to plant odours
(166)

c. Antennal Specific Proteins (ASPs), which are highly expressed in

the antennal structures (167).

Moreover, according to the length of the sequence and with the number of
cysteines, insect OBPs can also be divided in several subgroups. Classic OBPs
bear a typical six-cysteine signature. They include PBPs, GOBPs, and ABPs.
Tandem OBPs constituted by two classic OBPs linked by a bridge of few amino
acids. C-plus OBPs have more than six cysteine residues. C-minus OBPs with
only four of the six conserved cysteines. Atypical OBPs have a variable number

of additional cysteines and generally a longer C-terminus (168-172).

In mammals, OBPs can be divided instead in four main classes:

a. Pheromone Binding Proteins (PBPs), which are highly
concentrated in biological fluids, such as urine, saliva and vaginal
secretion (173-175). They are mainly involved in the chemical
communication.

b. Classic Odorant Binding Proteins (OBPs) that include proteins
normally expressed in large concentrations in the nose.

c. VEG-like proteins. These proteins are expressed in the nasal
epithelium and show an amino acidic sequence similar to the von
Ebner’s glands proteins. (176).

d. Vomeronasal Secretory Proteins (VNSs), which are mainly
expressed in the vomeronasal epithelium. So far, they have been

identified only in mice (177).
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1.3.3 Transducers

Mass transducers in the form of quartz crystal microbalances and interdigitated
and screen-printed electrodes as capacitive transducers were employed for

developing different types of OBP-based biosensors.

1.3.3.1 Quartz crystal microbalances (QCMSs)

Quartz crystal microbalances (QCMs) are ultra-sensitive mass detectors that
have found recently a wide application in the fields of sensors and biosensors
(178). Due to the unique piezoelectric property of the quartz, QCMs can detect

changes in mass of the order of 102 grams (179).

In 1880, Jacques and Pierre Curie (180) discovered that applying a mechanical
stress to a quartz crystal, it produced a difference of potential across the two
surfaces of the material. Nowadays, this phenomenon is known as the
piezoelectric effect (181). The piezoelectricity occurs in crystals without a
centre of symmetry (182). When a pressure is imposed to a crystal, the crystal
lattice is deformed causing the separation of cationic and anionic species,
which leads to changes in the dipole moment of the molecules (8). Many types
of crystals exhibit the piezoelectric property. However, the electrical,
mechanical and chemical features of the quartz make of it the most common

material used for analytical applications (183).
QCMs consist of quartz wafers, sliced from a single crystal, with two electrodes

deposited on both surfaces. The electrode coating is generally composed of

gold or silver prepared by thermal evaporation (183) (Figure 12).
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AT-cut quartz wafer

—— Gold electrode

—— Electrical contact

Figure 12. Quartz crystal microbalance.

When a voltage is applied between the electrodes of the QCM, the crystal
lattice is deformed, leading the crystal to oscillate at the natural resonant
frequency (184). The direction of the oscillation depends on the exact geometry
of the cut of the crystal. The most used cut angle is 35° 15' from the Z axis of
the crystal, known as AT-cut (185) (through the). AT-cut crystals show a
temperature coefficient near to zero, meaning that the resonant frequency is
stable over a range of temperatures between 0°C and 50°C (186). Several
parameters, such as the thickness and the density of the crystal and the
physical properties of the adjacent media i.e. density or viscosity can also affect

the oscillation frequency of the quartz crystal.

optical axis In 1959, QCMs were for the first time used as analytical
35° 107N, device thanks to the study carried out by Giinter Sauerbrey.

/ Sauerbrey reported a linear relationship between the

/ decrease in frequency of an oscillating quartz crystal and
the mass of the deposited metal (187). The quantitative
relationship between the relative shift of the resonant

frequency and the added mass was derived through the so

called Sauerbrey equation (Equation 2) (188).

A = — 2f§Am. Equation 2

A/HqPq
Figure 13. AT-cut quartz
crystal. Adapted from Marx  (187).
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where Af is the measured frequency shift; fy is the intrinsic resonant frequency
of the crystal; Am is the mass change; A is the piezoelectrically active area; uq
is shear modulus of quartz (2.95 x 10* dyn cm™); pq is density of quartz (2.65 g
cm™®) (187). The negative sign in the equation indicates that the addition of
mass on to the resonator leads to a decrease in the resonant frequency of the

crystal and vice versa.

The variations in the resonance frequency of the QCMs can be converted in
detectable electric signals. However, Sauerbrey’s equation can be applied only
when the following assumptions are verified. (a) The mass is uniformly
deposited over the entire active area of the QCM (184), (b) the total mass
added on the surface of the QCMs does not exceed the 2% of the crystal mass
(187) and (c) the measurements are performed in vapour phase. In cases

where these assumptions are not met, the equation can give unreliable results.

QCMs have been successfully used either for surface characterisation or for
studying biological interactions (189-194). In addition, they have been employed
in medical diagnostics (85;190;195;196) and in the detection of hazardous

chemicals such as warfare agents (197) and pesticides (198;199).

1.3.3.2 Capacitive transducers

Capacitive transducers have found recently a large interest in the biosensing
area, since they offer the possibility to develop label-free sensors, with an easy
readout and high sensitivity (200;201).

The simplest configuration of a capacitive transducer consists of two parallel
electrodes separated by an insulator layer, called a dielectric. The dielectric
may be air, mica, ceramic, fuel or other suitable insulating material (202). The
capacitance, usually defined between the two conductors, is determined by the
geometry of the electrodes and by the dielectric properties of the material in
between (203). For instance, the capacitance of the well known parallel-plate
capacitor is approximately equal to the Equation 3.
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C = £,.€ Equation 3

A
d
where €q is the dielectric permittivity of the vacuum and €, is the relative
permittivity of the material between the plates. A is the electrode plate surface
area and d the plate distance. From this equation it is evident that a change in
the capacitance can be imposed only in three ways: (i) by altering the distance
d between the two plates, (ii) by altering the overlapping area between the two

plates or (iii) by changing the dielectric permittivity between the plates (204).

In case of capacitive biosensors, the interactions between the bioreceptor and
the ligand can affect several parameters such as the dielectric properties, the
charge distribution and also the distance between the two electrodes (205). All

these variations can be recorded as changes in the initial capacitive value.

Capacitive sensors used in this research belong to two different categories of

capacitors: electrode- solution interfaces and interdigitated electrodes (IDES).
Electrode Solution interface

An electrode, immersed in an electrolyte solution can be described as a
capacitor for its ability to store charges. For an applied potential, the electrode
will possess a charge gm and the solution another charge gs, that will be equal
and contrary to gm. Charged species and dipoles, present in the solution are
oriented at the electrode/solution interface, hence forming an electrical double-
layer (EDL).

The solution- electrolyte interface has been experimentally demonstrated to
behave like a capacitor (204). The total capacitance at the electrode-solution
interface can be described as the sum of three capacitors in series as

schematised in Figure 14 (200).
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Figure 14. Schematic representation of a polarised protein-base d capacitive biosensor
and EDL organised at the biosensor/solution interface.

The first capacitor represents the insulating layer (Ci,s), that in case of
biosensors is often constituted by a self-assembled monolayer of alkanethiols
(SAMSs) (206). The second capacitor, Cgec, includes the contribution of the bio-
recognition element and the Stern layer. The Stern layer consists of bound
water molecules, which are present between the recognition elements and the
diffuse layers (207). The third capacitor corresponds to the diffuse Gouy and
Chapman layer, (Csc) which extends out into the bulk of the solution.

The binding between bioreceptors and target ligands influences the complex
capacitance of the recognition layer, Cgrec, and thus produces a measurable
change in the total capacitance. In summary, the total capacitance can be

described through the following equation:

1/Crot= 1/Cj1s +1/CRect+1/Cqe Equation 4

Equation 4 shows that lower capacitance values dominates the total
capacitance. This equation is considered valid when the bio-recognition element
covers the electrodes completely, neglecting the presence of holes on the
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sensing layer. If the surface is not sufficiently insulated, ions can move through
causing short-circuits of the system, which lead to a decrease or absence of the
signal. Electrochemical methods such as cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) can be used to study the quality

of the insulation layer on the electrode surface.

Interdigitated electrodes (IDES)

Interdigitated electrodes consist of a series of finger-like parallel electrodes
deposited on plane substrates (208). Alternating electrodes are connected
together forming a high surface planar capacitor (Figure 15). A broad selection
of materials, such as silicon, glass, and polymers plastic, can be used as
substrates. When a potential is applied to an interdigitated electrode, the
generated electric field travels from one electrode to the other, penetrating the

dielectric film and the substrate underneath the electrodes (209).

Figure 15. Schematic representation of an interdigitated electrode. Figur e adapted from
Tsouti et al. (204)

The capacitance measured between the two electrodes can be generally

described using Equation 5.

C = 2ng.gy =
d Equation 5

where &, is the dielectric constant of the medium between the plates, & is the

permittivity of free space, A is the area of the electrodes and d is the distance
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between the two electrodes, n is the number of electrodes and finally the factor
2 in this equation represents each electrode forming the capacitor.

Interdigitated electrodes, compared to other capacitors, offer a larger electrode
area, a higher sensitivity and more rapid reaction kinetics, due to proximity of
the cathodic and anodic electrodes (210). Additionally, IDEs do not need to use
a reference electrode, providing a simple tool for obtaining a steady-state
response (211).

Interdigitated capacitive transducers used for biosensing applications rely on
the detection of changes in the dielectric constant. The interaction between
target analytes and biomolecules immobilised on the sensor surface, leads to
changes in the capacitance value between the two electrodes (204). Such

capacitance variations are detected as output signals.

IDE biosensors has been applied for both label-free and non label-free
detection methods. They have been successfully used for the detection of
picomolar concentrations of cancer biomarkers in human blood (212), for
monitoring contaminants in drinking (213) and for the detection of harmful
foodborne bacteria such as E. coli O157:H7 (214).

Capacitive biosensors have established a new niche of electrochemical
sensors. Due to their high sensitivity, high selectivity, reusability and fast
response, they have attracted increasing interest during the past few years
(215). Moreover, their low power consumption along with the possibility to be
realised in micro-scale make them even more interesting for developing

portable biosensors (204).
Nowadays, capacitive transducers have shown (great promise as

immunosensors device (206), for the detection of heavy metal ions (205) as well

as platforms for nucleic acid biosensors (216).
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1.3.4 Biosensors based on olfactory elements: state of the art.

The excellent capacity of the olfactory system to detect thousands of chemical
compounds has raised the interest of specialists of both engineering and
biology fields, for developing devices able to mimic the performance of the

human nose.

The knowledge achieved in the olfactory system has also allowed the
improvement of the performance of chemical sensors based on biological
olfactory elements. Moreover, new generations of transducers, with higher
signal amplification and nano-scale dimensions have enabled the realisation of
portable devices able to detect very small inputs.

However, artificial olfaction devices have not reached the sensitivity and
selectivity of biological olfactory systems yet (217). Several structures belonging
to the olfactory system, such as olfactory tissues, olfactory cells and olfactory-
related proteins have been successfully used as sensing layers of biosensors
for the detection and discrimination of odorant molecules. In the following
sections, selected biosensors based on olfactory structures are reviewed and

described on the basis of the olfactory element employed.

1.3.4.1 Mammalian olfactory tissues and insects’ antennae

Mammalian olfactory tissues and the antennae of insects have often been
combined with various transducers to investigate electrophysiological

responses to odour molecules.

Microelectrode arrays (MEA) were employed by Chen (218) and Liu (219) for
studying the electrophysiological activities of the olfactory bulb (OB) and the
olfactory epithelium (OE) of rat, respectively. The use of an array of electrodes
allowed recording of the signals originated from different regions of the neuronal

tissue, simultaneously. In the work carried out by Chen, the response of
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different layers of OB to the neurotransmitter glutamic acid was investigated. Liu
instead tested the OE of rat towards four different analytes. Acetic acid,
butanedione, ethyl ether and acetone were used as odour stimuli. Each odour
evoked a potential with a characteristic frequency and amplitude in the olfactory
epithelium, showing odour discrimination. Both biosensors kept the original
neural network, seeking to reproduce systems close to the physiological

scenario as much as possible.

Cilia
Support cells

Olfactory receptor
neurons
Basal cells

w Vour
Za I

Figure 16 . Schematic representation of the rat OE based biosensor developed on  MEA.
Adapted from Liu et al. (220).

The ability of the olfactory epithelium to discriminate among analytes was also
confirmed in a work previously published by Liu et al (221). The olfactory
mucosa of the rat was used to investigate the response to both acetic acid and
butanedione by means of a light-addressable potentiometric sensor (LAPS). A
characteristic firing mode was recorded in presence of a specific analyte,
demonstrating the ability of the sensor to discriminate between the two

compounds.

Antennae from different species of insects were also employed for developing
portable sensors. Antennae of the Colorado potato beetle were combined with a
field-effect-transistor (FET) for detecting volatiles released by damaged
potatoes. Potato plants liberate (Z)-3-hexen-1-ol in the environment, when they
are subjected to mechanical and pests damages. The antenna based biosensor
was extremely sensitive and able to detect 1 ppbv concentrations of (Z)-3-

hexen-1-ol in air at 10 metres from the source (222).

Myrick instead developed a more complex sensor, combining antennae of

different species of insects. The array showed a rapid response, within 15-75
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milliseconds from the odour exposition. However, the sensor had a short

lifetime, less than 90 minutes, after which the response lost reliability (223).

Tissue and antenna -based sensors showed in general a good sensitivity, up to
parts per billion, and ability to discriminate among several analytes in both
vapour and liquid phases. Despite that, the wide usage of this type of sensors in
large scale is limited by two main factors: (a) the realisation of these biosensors
always required the sacrifice of the animal and (b) the short lifetime of the
device, less than few hours after the preparation, does not allow application in
the field.

Table 1 summarises the main features of the olfactory tissue and antenna-
based biosensor discussed above. The tested analytes and the respective

concentrations are reported as well.

Concentration

Bioelement Transducer tested Ref.
Olfactory Microelectrode array | Glutamic Acid 10° M (218)
bulb slices (MEA)
(219)

Olfactory Microelectrode array | Butanedione; 10'M
epithelium (MEA) Acetic Acid,;

Ethyl Ether;

Acetone
Olfactory light-addressable Acetic Acid 2.510"M (221)
mucosa potentiometric Butanedione

sensor (LAPS)

Whole Field- effect (2)-3-Hexen-1-ol 0.01 ppbv (222)
antenna transistor (FET)
Antennae Multi-channel (2)-11-Hexadecenal; N.A. (223)
array electroantennogram | (E,E)-8,10-Dodecadien-1-

(EAG)

ol;
(E)-11-Tetradecen-1-ol;
Indole;

Butyric Acid,;
Citronellal;

Thujone;
Acetophenol;
Methyl- Salicylate;
Phenylethyl Alcohol;
(2)-3-Hexenyl,
Acetate

Table 1. Summary of the major forms of olfactory tissue and antenna

-based biosensors.
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1.3.4.2 Olfactory receptor neurons (ORNS)

Olfactory receptor neurons have also been successfully utilised for sensing
applications. ORNs can be cultured directly on the surface of transducers in
order to develop sensors able to detect analytes in both vapour and liquid
environments (224;225).

LAPs chips was used by Wu to record in real- time the electrochemical signals
of 26 ORNSs, in presence of a mixture of analytes i.e. acetic acid, octanal,

cineole, hexanal, 2-heptanone (225).

MEA chips were also used as platforms for growing ORNSs. Ling at al. studied
the response of an array of olfactory receptor neurons to the vapour of both
limonene and isoamyl acetate. Each compound excited the olfactory neurons
population with a characteristic pattern, with the possibility to discriminate

between the two chemicals (224).

In addition, ORNs can be also customized in order to create olfactory neurons
able to detect specific analytes with high sensitivity. Du et al. (226)
demonstrated that olfactory receptors of Caenorhabditis elegans can be
successfully expressed in rat ORNs. The bioengineered ORN responded to 0.1
MM concentrations of diacetyl, the natural ligand of OR-10 of C. elegans.

However, several practical issues have limited the use of olfactory receptor
neurons for sensing applications. The extraction of ORNs from the olfactory
epithelium is a complex process that also in this case implicates the sacrifice of
animals. This makes large-scale production impossible. On the other hand,
growing ORNSs in vitro is an expensive practice, which requires aseptic rooms

and specialised technical staff.

Table 2 reports the main features of the described sensors, with reference to

the tested analytes and concentrations.
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Bioelement Transducer Analyte OIS
tested
Acetic Acid,;
ggggg)rry Octanal;
Cineole; -3
Neurons of rat LAPS Hexanal: 10° M (225)
2-Heptanone
Bioengineered | LAPS Diacetyl; 107-10"* M (226)
Olfactory Isoamyl- Acetate; 5107 M
Sensor Acetic Acid
Neurons of rat
Olfactory DL-Limonene; 10° M
Sensor MEA Isoamyl- Acetate (224)
Neurons of rat
Table 2. Summary of the major olfactory receptor neurons based bi osensors present in

literature.

1.3.4.3 Olfactory receptors

In the last few years, a growing interest in the use of mammalian and insect
olfactory receptors for developing artificial noses has been recorded. An
increasing number of papers were published on the use ORs as bio-recognition,
from the 2005 to 2013, as Figure 17 shows. However, despite this growing
interest, the research in this field is still limited.
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Figure 17. Number of publications per year found using Web of Science . The search was
performed using the term “biosensors” refined by “olfactory r eceptor”. The abstracts of

each publication were examined to ensure that the paper was relat ed to this topic.

The total number of papers, where ORs are used for sensing applications, is
lower than 30 spread across a period of fourteen years. A large gap is observed
between 2000 and 2004, where no scientific research in this area was

published.

In 1999, Wu published the first scientific work on a biosensor based on olfactory
receptors (121). The sensor employed ORs, extracted from bullfrogs, as
sensitive layer of QCMs for detecting volatiles. Parts per million concentrations
of n-caproic acid, isoamyl acetate, n-decyl alcohol, B-ionone, linalool and ethyl
caproate were successfully detected specifically. Since then, several biosensors

have been developed utilising ORs as sensing materials.

ORs biosensors can be constructed by using either whole cell expressing ORs
or liposomes carrying ORs. Liposomes can be generated by fragmentations of
heterologous system expressing the receptor or by extraction from living
olfactory epithelium. Oocytes of Xenopus, human embryonic kidneys and yeast
cells expressing ORs have been used combined with different transduction

systems for detecting chemical compounds.
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Missawa et al. used living oocytes of Xenopus expressing ORs, to build an
artificial bio-nose. The sensor was integrated inside a robot head. Parts per
billion concentrations of analyte were enough to trigger the response of the
sensor, which led to motions of the head of the robot (227). However, the
system had high noise levels and a relatively short lifetime. Oocytes do not

survive more than 2-3 weeks after removal from the frog (228).

More simply, Lee et al. (229) grew, on planar electrodes, human embryonic
kidney (HEK)-293 cells bearing rat olfactory receptors. The interaction between
the receptor and the ligand octanal was directly detected as variation in the

membrane potential.

Saccharomyces cerevisiae bearing the human olfactory receptor OR17-40 were
combined with interdigitated electrodes in a work published by Marrakchi et al.
(230). In this case, the interaction between the ligand and the receptor was
recorded as changes in the conductance at the surface of the electrode. The
sensor was highly sensitive, able to detect down to 10** M concentrations of
the analyte. The sensitivity of this OR-sensor was further increased by co-
expressing the human olfactory receptor OR-17-40 together with the a-subunits
of G protein (231).

The use of field effect transistors (FETS) instead allowed the development of
highly sensitive and selective devices as demonstrated by Kim at al. (232).
Femtomolar concentrations of analyte were detected by the OR-FET biosensor,

with a resolution close to a single-carbon-atom.

Surface acoustic waves (SAWSs) and quartz crystal microbalances (QCMs) have
been also employed for studying the activity of several olfactory receptors.
C.elegans OR-10 grafted on to the gold surface of SAW chips were used in
vapour phase in the work carried out by Wu et al (82). The developed sensor
showed a high sensitivity with a detection limit of 1.2 10™* M. However, the
lifetime of the biosensor was only a week, time that cannot be considered

enough for long-term sensing applications. The same ORs were also
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investigated as sensing layer of QCMs. This study confirmed the good
sensitivity and repeatability of the biosensor, with a detection limit lower than
1.5 ppm (v/v). Also in this case, loss of sensing performances were observed
after seven days from the first usage, possibly due to conformational changes
that could affect the ORs (233).

Surface plasma resonance was also utilised for evaluating the response of ORs
in cell and non-cell based systems. Nanosomes bearing human OR 17-40 and
a-subunits of G protein were used in SPR experiments. The interaction
between receptors and ligands was detected through the desorption of Gy
subunit from the lipid bilayer. The sensors that resulted were stable over time,
with the possibility to be reused for more than eight times (234). The dose-
response curve calculated for the sensor, did not follow the classic sigmoid
behaviour, which is usually observed for G-protein-coupled-receptors (230).
However, in presence of the Odorant Binding Proteins OBP-1F, the typical

dynamic of binding of ORs was re-established (235).

ORs seem to own all the features required for developing high performance
biosensors. They have a high selectivity, with resolution close to a single carbon
atom, and sensitivity that can reach femtomolar concentrations. However, the
short lifetime of the OR-biosensors along with the difficulties of synthesis ORs in
large quantity, represent the main drawbacks of these devices. In addition, the
use of suitable medium conditions is fundamental for retaining the structure and

the functionality of these transmembrane proteins.
Table 3 summarises the main olfactory receptor-based biosensor found in

literature. Details about the transducer used, analytes tested and concentrations
are reported as well.
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Bioelement

Transducers

Concentration

Ref.

Bullfrog ORs

Rat |7 on
HEK cells

BmOR1,
BmOR3,
PxOR1, and
DOr85b,

in Xenopus
oocytes

Human
olfactory
receptor

S. cerevisiae
with human
OR17-40

Human OR17-
40 and
a-subunits of
Gor protein

C. elegans
OR-10

C. elegans
OR-10

HEK cells
expressing
Rat 17

QCMs

Plate micro-
electrodes

two-electrode
voltage
clamping

SWCNT-FET

IDEs

EIS

SAWSs

QCMs

QCMs

N-Decyl- Alcohol;
Isoamyl- Acetate;
N-Octyl- Alcohol;
B-lonone;
N-Caproic Acid,;
Linalool;

Ethyl- Capronate

Octanal

Bombykol;
Bombykal;
(2)-11-Hexadecenal;
2-Heptanone

Amyl- Butyrate;
Butyl- Butyrate;
Propyl- Butyrate;
Pentyl- Valerate

Helional,
Heptanal

Helional;
Heptanal

Diacetyl;
Butanone,
2,3-Pentanedione

Diacetyl;

Isoamyl- Acetate;
Anisole;
Lavender;
Butanone;
2,3-Pentanedione

Hexanal;
Heptanal;
Octanal,
Nonanal;
Decanal

tested

10- 6500 ppm

10°%-10%M

10%-10° M

10*-10"M

10*-10"M

10- 10" M

1078107 M.

10- 100 ppm

10 10" M

(121)

(229)

(227)

(232)

(230)

(231)

(82)

(233)

(236)
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Human OR17- | SPR Octanal; 10™°-10° M (234)
40 and Nonanal;
a-subunits of Heptanal;
Gor protein in Diacetyl;
nanosomes Cyclohexyl- Acetate;
Octanol;
Octanone;

Octanoic acid,;
Isoamylacetate;
Pyridine;

Helional,;

Cassione;
Piperonyl- Acetate;
3,4-Methylenedioxyphenyl;
Acetone;
3,4-Methylenedioxy-
Propiophenone;
Lilial

Table 3. Summary of the main olfactory receptor based biosensors.

1.3.4.4 Odorant Binding Proteins (OBPSs)

OBPs are becoming an attractive tool for sensing applications due to their ability
to binding chemical compounds in a reversible way with resistance to
temperature and denaturation. Despite these key features, the research carried
out on the use of OBPs in sensing area is still narrow, when compared with
ORs.

Biosensors based on OBPs are mainly combined with both resonant and
electrochemical transducers.

Polypeptides that mimicked the binding site of LUSH of D. melanogaster were
used by Sankaran et al. for detecting Salmonella contaminations in packaged
beef (237). Alcohols such as 3-methyl-1-butanol and 1-hexanol were used as
markers of the bacterial contamination. The sensor, developed using QCMs,

showed a good sensitivity, with a detection limits calculated between 1 and 3

ppm.
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An array of mammalian OBPs was instead developed by Di Pietrantonio for
studying the response to the analytes carvone and octenol (238). Recombinant
porcine and bovine OBPs were used as sensing layers of SAW resonators. The
high affinity of the porcine OBP toward the octenol allowed discrimination
between the two compounds. The biosensor response was fast, within 30
seconds from the analyte exposure, and fully reversible. The array could be

reused for several assays without losing performance.

The OBP binding events can be also electrochemically detect as demonstrated
in the work published by Lu et al. (239). Lu immobilised recombinant honeybee
OBPs on gold IDEs and tested them against pheromones and floral odours in
liquid phase. The interaction between OBPs and ligands was recorded as the
variation in the electron transfer resistance (Rc) of the biosensor, in presence of
the redox probe ferro/ferricyanide The presence of bound ligands led to a
reduction in the Re. Ligand concentrations ranging from 10™° M to 107 M were
successfully detected by the OBP-sensor, showing linear concentration

response curves for all the tested analytes.

Interdigitated electrodes were instead employed for detecting chemical
compounds in vapour phase. Porcine OBPs, covalently linked on the gold
surface of IDEs, were tested against parts per million concentrations of ethanol
and methanol. Decreasing in the charge-transfer resistance was observed in
presence of the analyte. The observed variation in the impedimetric curve was
likely due to conformational changes of OBPs caused by the interaction with the
analyte (240).

Ultrathin films of OBPs of rat deposited by Langmuir-Blodgett techniques were
studied by Hou et al. (241). The interaction between the analyte, isoamyl
acetate and the OBP-film was monitored by electrochemical impedance
spectroscopy. Decreases in resistance were observed in presence of the

analyte, confirming the findings described by other authors.
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So far, the research performed on the use of OBPs as bio-recognition elements
of biosensor have demonstrated the possibility to develop highly sensitive and
stable devices. The use of arrays of OBPs belonging to different species of
animals can improve the selectivity of the system and the ability to discriminate

among several ligands.
Contrary to the previously described olfactory elements, OBPs can be easily
expressed in bacterial system in a relatively inexpensive way and with high

yield, reducing the biosensor costs.

In Table 4 the main features of the described OBPs based biosensors are

summarised.

. Concentration
Bioelement Transducer tested
Binding site of QCMs 3-Methyl-1-Butanol; 10-100 ppm (237)
LUSH 1-Hexanol

D.melanogaster

Wt bovine OBP SAW Octenol; 9-80 ppm (238)
Dm bovine OBP R-(-)-Carvone 13-61 ppm
Porcine OBP
Apis cerana | IDEs (EIS) Methy-p-Hydroxyl; 10°-10°M (239)
cerana ASP2 Benzoate Isoamyl;

Acetate;

Linalool;

Geraniol;

B-lonone;

4-Allylveratrole;

Phenylacetaldehyde;

Dibutyl- Phthalate;
Butanedione

Porcine OBPs IDEs (EIS) Ethanol; 20 ppm (240)
Methanol 10 ppm
Rat OBP-1F EIS Isoamyl- Acetate 840 ppm (2412)

Table 4. Summary of the main OBP-based biosensors.
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In the last few decades, extensive work has been carried out to study Odorant
Binding Proteins in both vertebrate and invertebrate systems. The binding
activity of OBPs toward a large number of chemical compounds has been well
characterised by using fluorescence binding assays. Dissociation constants of
both insects and mammals OBPs, against different classes of chemicals, are
now available in literature. Moreover, structural characterisation of OBPs-
ligands complexes, performed by crystallography techniques and circular
dichroism, has allowed identification of the amino acid residues involved in the
binding process. The information collected on the structure and function of

these proteins has been employed for developing different types of biosensors.

The emerging research in the use of OBPs as sensing material has already
provided encouraging results. OBPs based biosensors have been successfully
utilised for the detection of odours and pheromones in vapour and liquid

phases.

Inspired by the promising potentialities of OBPs, we decided to investigate
further their ability to bind chemical compounds, studying different type of OBP-
based biosensors. Our aim was to develop simple and label-free sensors, which
may be used as analytical devices for the control of perishable food along the
transport and storage or in agriculture, for the monitoring of useful insects and
pests. The development of portable, high sensitivity and low cost devices can
be very appealing in the biosensor market especially in the food and agriculture
areas, where expensive analytical equipment are usually used for the quality

control.
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2 Materials and Methods

All chemicals used were purchased from Sigma-Aldrich, UK. All reagents used
for the protein synthesis were from Biorad UK. The proteins, porcine OBP-C
and Locusta migratoria OBP1, were kindly provided by Prof. Paolo Pelosi
(University of Pisa, Italy). The major urinary protein of the mouse (MUP-10) was

provided by Prof. Carla Mucignat (University of Padova, Italy).

2.1 Odorant Binding Proteins: gene design, express  ion and purification

Table 5 shows a list of proteins expressed during the project. With the exception
of the Green Florescence protein (GFP) of Aequorea victoria, these proteins
were tested as sensitive layers of different transducers for the detection of
organic compounds in vapour and liquid phases.

LIST OF PROTEINS EXPRESSED ABBREVIATION

1 Porcine OBP F88W pOBPF88W

2 Porcine OBP W16F-F88W pOBPW16F-F88W

3 Apis mellifera OBP14 A.melOBP14

4 Polistes dominula OBP1 P.domOBP1

5 Bombyx mori PBP1 B.moriPBP1

6 Bombyx mori GOBP2 B.moriGOBP2

7 Aequorea victoria GFP GFP
Table 5. List of the proteins synthesised in our laboratory and used for the realisation of
biosensors.

2.1.1 The gene design

The gene coding for the General Odorant Binding Protein 2 (GOBP2) of
Bombyx mori was synthesised by the company Eurofin MWG Operon
(Germany). The gene was designed in accordance with the mRNA sequence
annotated in GenBank database (accession no. NM_001044033). The amino
acid sequence was analysed by using the software package SignalP 4.1, in

order to identify the noncoding sequences.
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A tag of six histidines (His-tag) was added to the 5’ end of the sequence. The
presence of the His-tag fused with the recombinant OBP facilitated the
purification process from the bulk of other proteins (242). His-tags are the most
widely used affinity tags. The imidazole ring of the histidine shows a high affinity
for chelated metal ions, such as nickel (Ni?"). Metal ions complexed with
chelating agents are strongly fixed to solid supports, usually agarose beads.
The protein separation occurs on the basis of interactions between the

imidazole of the histidine and the metal ions fixed on a solid matrix (243).

At the 5" and 3’ end of the gene, the restriction sites for Ndel and EcoRI were
inserted respectively. The restriction site is a nucleotide sequence, which is
recognised by a restriction enzyme. The restriction enzyme cut the site, leaving
an overhang at each end (sticky end). The expression vector is then cut with the
same restriction enzymes, generating the same sticky ends. Using a DNA-
ligase, both extremities of the gene were joined within the expression vector.
For the GOBP2 the pET-30a (Novagen) was used. Figure 18 displays the
schematic representation of the gene construct used for the synthesis of the
GOBP2 of Bombyx mori.

S Ndel Hisg-tag OBPgene -3

Figure 18. Schematic representation of the gene construct used for the synthesis of
GOBP2 of B.mori.

The other vectors, used for the expression of proteins were kindly provided by

Prof. Pelosi, University of Pisa, Italy.
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2.1.2 Protein expression

For protein expression, E. coli BL21(DE3) cells (Agilent Technology) were
transformed with 2 pL of the expression vector pET containing a specific OBP
(unknown concentration). Bacteria colonies were grown overnight in 10 ml of
Luria-Bertani/Miller broth containing 100 mg L™ of ampicillin or kanamycin,
depending on the type of vector used. The culture was diluted 1:100 with fresh
medium and grown at 37°C until the absorbance at 600 nm reached 0.7 AU. At
this stage, 0.4 mM isopropylthio-D-galactoside (IPTG) was added to the culture
to induce expression. After 2 h at 37°C, the cells were harvested by

centrifugation, resuspended in 50 mM Tris-Cl pH 7.4 and lysed by sonication.

The recombinant porcine OBPs were present at this stage in the supernatant
while the insects’ OBPs were found in an insoluble form, as inclusion bodies.
The protein were solubilised by dissolving the pellet obtained from 1 L of culture
in 5 ml of 8 M urea, 1 mM of dithiothreitol (DTT) in 50 mM Tris-Cl buffer, pH 7.4,
then diluting the solution to 50 ml with Tris-Cl buffer and dialysing three times
against Tris-Cl. (244)

2.1.3 Protein purification

The proteins were purified by two chromatographic steps on anion-exchange
resin DE-52 (Whatman), using a gradient of 0.5 M NaCl in Tris buffer, followed
by gel filtration on Superose-12 (GE-Healthcare). Protein bearing the His-tag
was purified by using a nickel-affinity chromatography (GE-Healthcare). 0.5M
imidazole in Tris-Cl buffer was used to elute the protein.

The fractions were analysed by SDS-PAGE and by UV spectroscopy to
evaluate the amount of DNA co-eluted with the protein. At the end of the
purification procedure, the proteins were more than 95% pure, as judged by
SDS-PAGE, and virtually free from DNA.
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Protein samples were delipidated at acidic pH (pH 4-5) using a suspension of
Sephadex LH-20 (Pharmacia Fine Chemicals) and mixing for 2 hours at 4°C
(245). The delipidation step was essential to remove any possible ligands
present in the binding site of the protein. The proteins were then dialysed

against 50 mM sodium phosphate buffer at pH 7.4.

2.2 Fluorescence measurements

Emission fluorescence spectra were recorded on a Perkin Elmer LS55
instrument at 25°C in a right angle configuration, with a 1 cm light path quartz
cuvette and 5 nm slits for both excitation and emission. The protein was
dissolved in 50 mM Tris-ClI buffer, pH 7.4 or 50 mM sodium phosphate buffer
pH 7.4.

2.2.1 Fluorescence binding assays

OBPs PROBE LIGANDS
Porcine OBP F88W 1-AMA geosmin
2-phenylethanol
S-(+) carvone
R-(-) carvone
2-isobutyl-3-methoxypyrazine

Porcine OBP W16F-F88W | 1-AMA

Polistes dominula OBP1 1-NPN

Bombyx mori PBP1 1-NPN bombykol
bombykal
Bombyx mori GOBP2 1-NPN bombykol
bombykal

Table 6. List of probes and ligands tested in fluorescence binding assay S.

The binding activities of the expressed OBPs were measured using the
fluorescent ligands 1l-aminoanthracene (1-AMA) and 1-N-phenylnaphthylamine
(1-NPN). OBPs display a high affinity of binding toward these probes. They can
be used to calculate the dissociation constants of ligands that compete for the
protein binding. A micromolar concentration of the protein in buffer was titrated

with aliquots of 1 mM of probe prepared in methanol to final concentrations of 2-
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16 uM. The probes were excited at specific wavelengths. 1-NPN was excited at
337 nm and the emission spectrum was recorded between 380 and 450, while
1-AMA was excited at 375 nm and the fluorescence recorded between 400 to
570 nm. The main feature of these probes is the ability to change the emission
wavelength peak when shift from the free to the bound form. For instance, 1-
AMA when excited at 375 nm presents a weak fluorescence emission with a
maximum at 537 nm, but in the presence of the protein, this maximum shifts to
480-490 nm, allowing visualisation of the binding process (147). In Table 6 are
listed the different OBPs used in our research together with the probes and the

ligands tested.

The binding constants for the OBP-probe complex were calculated using Sigma
Plot™ software and the number of binding sites were set equal to one. The
following equation was used: y=(Bmax * X )/( Kp+ X), where y is the degree of
saturation, Bmax IS the number of maximum binding sites and Kp is the

dissociation constant (246).

The affinity of the ligands was measured in competitive binding assays. A
solution of the protein and probe, both at the same concentration was titrated
with 1 mM solutions of each competitor to final concentrations of 0.5-16 uM.
Dissociation constants of the competitors were calculated from the
corresponding IC50 values, using the equation: Kp=[IC50]/1+[Probe]/Kprope,
where [Probe] is the free concentration of the fluorescence probe and Kpope IS
the dissociation constant of the complex Protein/Probe (244) .

2.3 Quartz crystal microbalances (QCMs)

Quartz crystal microbalances were purchased from the National Research
Council (CNR) of Rome, Italy. Piezoelectric AT-cut quartz crystals, with a
resonance frequency of 20 MHz and 7.95 mm diameter were used. The crystals

were coated on both sides with a layer of gold (Au geometric surface 4.9 mm of
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diameter). The gold was deposited on the quartz wafer through an adhesion

layer of titanium.

2.4 Screen-printed electrodes (SPES)

Disposable screen-printed electrodes were acquired from Metrohm AG
(Switzerland). The screen-printed electrodes were in a three electrodes
configuration, with a gold working electrode (4 mm diameter), an auxiliary
carbon electrode and a reference electrode of silver, all printed on the same

ceramic strip.

2.5 Interdigitated electrodes (IDES)

Gold interdigitated electrodes realised on flexible platforms were provided by
L'Ecole polytechnique fédérale de Lausanne (EPFL), Switzerland. The IDEs
were realised by thermal evaporation on Upilex® substrates. The gold was
evaporated on the polyimide surface utilising an adhesion layer of chromium.
The IDEs used for our experiments had 5 um gaps between electrodes and

dimensions of 2.29 mm x 2.84 mm.

2.6 Protein immobilisation methods

Proteins were immobilised on the gold surfaces by self-assembled monolayers

(SAMSs). Two different alkanethiols were used:

» thioctic acid (TA)

* 16-mercaptohexadecanoic acid (MHA)

The used of thioctic acid was preferred to 16-mercaptohexadecanoic acid for

immobilising proteins on quartz microbalances. The short alkyl chain of TA
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minimized the dissipation phenomena that can happened on the surface of the
QCMs. SAMs of 16-mercaptohexadecanoic acid was used to graft OBPs on
screen-printed electrodes and interdigitated electrodes. Electrochemical studies
demonstrated the formation of a more compacted and insulated layer on the

electrode surfaces when 16-mercaptohexadecanoic acid was used.

2.6.1 Cleaning procedure

Quartz crystal microbalances (QCMs):

Before the protein immobilisation, the gold surface of the QCMs was cleaned by
dipping the crystal in Piranha solution (1:3= 30% H,0,: H,SO,) for few minutes
to remove any organic residues from the surface. The QCMs were then rinsed

with ddH,0O and ethanol and dried with a nitrogen stream.

Screen-printed electrodes (SPESs)

The gold surfaces of screen-printed electrodes were cleaned by cyclic
voltammetry (CV) from -1.4 to 1.4 V at a rate of 100 mV s*, with a 10 mV
potential step. The electrode was dipped in a solution 0.5 M sulphuric acid, and
the CV was run approximately for five cycles until a stable CV signal was
reached (247). After that, they were rinsed with ddH,O and ethanol and dried in

a nitrogen stream.

Interdigitated electrodes (IDES)

The gold interdigitated electrodes were cleaned by dipping the electrodes in a
0.5 M sulphuric acid solution for few minutes and then were rinsed several
times with ddH,O. After that, the electrodes were immersed in a 30% solution of
H.O, for few minutes to keep the surface hydrophilic. IDEs were rinsed with

ddH,0O and ethanol and dried with a nitrogen stream.
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2.6.2 OBPs immobilisation by Self-assembled monolay  ers

Quartz crystal microbalances:

Two protocols were used to link OBPs on both gold electrodes of QCMs by

using thioctic acid as SAMs.

Protocol 1:

The QCMs were dipped in an ethanolic solution of 10 mM thioctic acid (TA) for
at least 20 hours, under nitrogen flow. The gold electrodes were then rinsed
with absolute ethanol to remove the unbound molecules of thioctic acid and
were left to dry at air. The activation of carboxylic acid groups of the SAMs was
carried out using 20 uL of a solution of ethyl(dimethylaminopropyl)carbodiimide
(180 mM) and N-hydroxysuccinimide (180 mM). The reaction was left for 2
hours at room temperature. The solution was then rinsed with ddH,O and dried
at air.

The immobilisation of the proteins on the activated SAM layer was performed by
pipetting 10 pL of a 1 mg mL™* OBPs solution onto the gold surface of the
QCMs. The protein solution was left to react for an hour before gently rinsing
with ddH,O and drying in air. This step was repeated twice.

The same process was repeated on both sides of the quartz microbalance.

Protocol 2:

SAMs of thioctic acid were prepared by a drop-casting technique (248). An
ethanolic solution of 100 mM thioctic acid was drop-casted on both gold
electrodes at least ten times. The surfaces were allowed to dry in air, before
activating the carboxylic groups with a water mixture solution of EDC: NHS in

ratio 1:2, for at least two hours.
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After that, the surface of the QCMs was gently rinsed with ddH,O before
pipetting 10 pL of a 1 mg mL™* OBPs solution on the electrode surface. The
OBPs were incubated for an hour and then rinsed several times with ddH,0.

Freshly prepared biosensors were stored at 4°C until use.

Screen-printed electrodes and Interdigitated electrodes:

The SPEs and IDEs were dipped in an ethanolic solution of MHA at the
concentration of 2 mM for at least 20 hours, under nitrogen flow. The electrodes
were then rinsed with absolute ethanol to remove the unbound molecules of
MHA and left to dry at air.

The carboxylic groups of the MHA were activated by using a mixture solution of
EDC (100 mM) and NHS (200 mM) in phosphate 10 mM buffer pH 7. The SPEs
or IDEs were dipped in the EDC/NHS solution for 3 hours, and then they were
rinsed with ddH,O and dried at air.

Proteins were immobilised on the working electrode of SPEs by pipetting about
10 pL of a 1 mg mL™* OBPs solution onto the gold surface and left for an hour
before gently rinsing with ddH,O and drying in air. This step was repeated

twice.

In case of IDEs, the electrodes were immersed in the protein solution and were
kept at 4°C until the use. Before testing, IDEs were rinsed several times with
ddH,0 and left to dry at air.

2.7 Instrumentation and Setup

2.7.1 Electrochemical surface characterisation

The electrochemical experiments were performed using a CompactStat
Instrument (IVIUM Techology), interfaced with the IviumSoft software provided
by the same company. The electrodes were inserted in to an interface box

connected directly to the potentiostat (Figure 19).
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Interface
box

Screen printed
electrode

Figure 19. Electrochemical system set-up.

The electrochemical characterisation of the sensors was performed by cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS).

CV experiments were performed in 5 mM Fe(CN)s*/ Fe(CN)¢* (1:1) in 0.1 M
aqueous solutions of KCI with a scanning range from 0.18 V to -0.2 and then to
0.5V ata scan rate of 0.1 V s™™.

Electrochemical impedance spectroscopy was carried out using the same
solution of 5 mM Fe(CN)g>/Fe(CN)s* (1:1) in 0.1 M KCI over a frequency range
of 0.025 Hz to 1 MHz with 10 mV amplitude. The potential was fixed at 0.18 V
(249).

2.7.2 Vapour phase measurements with Quartz crystal microbalances
(QCMs)

2.7.2.1 Quartz crystal microbalances

Measurements with quartz crystal microbalances were recorded using two
miniaturised 4-channel frequency counters developed by JLM Innovation,

interfaced by “MultiSens” Software.
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In order to introduce volatile organic compounds (VOCSs) to the quartz crystals,
a self-designed flow-cell was attached to the frequency counter having the

configuration as shown in Figure 20.

Figure 20. QCMs connected to the frequency counter.

The inlets to the flow-cell of two counters were merged together and connected
to a ‘flow-switch’, which switched from the VOCs to air and vice versa. The
whole system was set up in an incubator chamber at 30°C. Measurements
were performed under a constant flow rate. The flow from the air cylinder was
regulated by a flow meter at the desired rate and controlled by a 3-way valve as

shown in Figure 21.
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Figure 21. Schematic representation of the delivery system.

Volatile compounds tested were introduced into the sample chamber of the
frequency counters. The stock for the vapour sample was prepared by pipetting
a known amount of compounds into a bottle having a volume of 0.6 L and
sealed. In this case, all the amounts taken for the different VOCs were above
the volume that can produce saturated vapour. The sealed bottle was then

transferred into the incubator at 30°C.

In order to test the biosensor with different concentrations of the analyte, the
VOC flow channel was increased from 10% to 100% of the initial saturated
concentration by mixing with a separate flow of air, maintaining by the way the
same total flow rate. Upon achieving a stable baseline signal, under a constant
flow of air, the analyte was introduced in the counter chamber for a time of
about 10 minutes followed by a regeneration step of 20 minutes with cleaned

air.

2.7.2.2 Interdigitated electrodes

Capacitive/Impedimetric measurements were performed using a CompactStat
Instrument (IVIUM Techology), interfaced with the IviumSoft software provided
by the same company. The IDEs were connected to the potentiostat through a

ZIF connector. The IDEs were placed inside a self-designed cell (Figure 22).

76



CHAPTER 2: Materials and Methods

The inlet of the flow-cell was connected to a three-way valve, which switched
from the VOCs to the air and vice versa. Measurements were performed under
a constant flow rate. The flow from the air cylinder was regulated by a flow

meter at the desired rate and controlled by a 3-way valve.

Figure 22. (A) Interdigitated electrode located inside a zif conne ctor. (B) Interdigitated
electrode incubation chamber

The capacitance measurements were recorded at the frequency of 100 Hz. A
potential of 1 volt was applied with an amplitude of 20 mV. The delivery system
used was the same described for the quartz crystal microbalances
measurements (see section 2.7.2.1). The total flow rate used was 180 ml min™
with a relative humidity of about 25%. The biosensor was stabilised for about an
hour before starting the measurements under a constant flow of humid air. The
analyte was introduced in the flow cell for about 10 minutes followed by a

cleaning step of 10 minutes.

2.7.3 Capacitive measurements in liquid phase

Capacitive measurements were performed using a CompactStat Instrument
(IVIUM Techology), interfaced with the IviumSoft software provided by the same
company. The electrode was located inside a self- designed flow cell, shown in
Figure 23. The system was connected to a peristaltic pump, which was set at

constant flow rate of 0.5 ml mint.
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Inlet Outlet
Peristaltic
pump
SPE
Figure 23. Flow-cell system used for capacitive measurements in liquid phase

The capacitance was recorded at the frequency of 96 Hz. A potential of 0.1 volt
was applied with amplitude of 20 mV. Measurements were performed under
constant flow of 10 mM phosphate buffer at pH 7. The analyte was introduced in
the flow cell at different concentrations (0.05; 0.1; 0.5; 2.5 and 5 pM) for a time
of 15 minutes followed by a cleaning step of 20 minutes. The biosensor was
stabilised under constant flow of buffer for at least 50 minutes before starting

the measurement.

2.8 Gas Chromatography- Mass spectrometry analysis

A Gas Chromatograph—Mass spectrometer (GC-MS) (Varian Saturn 2200)
equipped with a DB-Wax column (0.25 mm i.d. 60 m, Agilent Scientific) was
used to estimate the relative volatility of the bombykol and bombykal. The
injector and ion source of the GC-MS were maintained at 230°C, and the
ionization voltage was 70 eV. Helium (1.0 ml min™) was used as the carrier gas.
The column oven temperature was held at 120°C for the first 2 minutes,
increased at 12°C min™ to 180°C, and then at 5°C min™ to 240°C (250). The
gas injections were performed by using a CombiPAL Autosampler. The vials
containing the ethanolic solutions of bombykol and bombykal were incubated at
145°C for an hour before injecting in the gas chromatographer. The syringe was

heated at the temperature of 150°C.

78



CHAPTER 2: Materials and Methods

Pure bombykol and bombykal were purchased from Pherobank (The
Netherlands).

2.9 Fluorescence microscopy

Green fluorescent proteins (GFPs) grafted on gold surfaces were imaged on an
upright microscope (Olympus BH2-RFL) using an AM7023 Dino-Eye camera
(Dino-Lite)) with the Image Acquisition and Analysis software (DinoCapture 2.0).
The sample was illuminated from the epifluorescence port with a Xenon lamp
and the excitation and emission light was filtered by a fluorescent filter set

(Olympus, excitation BP490 nm; dichroic 500 nm; emission 515 nm).
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3 RESULTS

The aim of our research was to investigate the possibility of using OBPs as bio-
recognition elements of biosensors, for the detection of organic compounds in
both vapour and liquid phases. OBPs were identified as suitable candidate for
the development of the FlexSMELL smart tag due to their unique biochemical
properties. OBPs are able to bind in a reversible way a wide range of chemical
compounds (176); they are resistant to high temperatures and proteolytic
attacks (251) and they can be synthesised in large amounts on a laboratory
scale. These features made of the OBPs a promising tool for realising

biosensors to be used in field.

In order to have a quantity of OBPs for carrying out our research, OBPs
belonging to different species of vertebrates and invertebrates were

heterologously expressed and purified in our laboratory.

3.1 Protein expression and characterisation

Six different OBPs were synthesised in large quantity during the project. These
included two mutant forms of the porcine OBP1, Apis mellifera OBP14, OBP1
from Polistes dominula, GOBP2 and PBP1 of Bombyx mori. In addition, the
gene coding for the Green fluorescence protein of Aequorea Victoria was

expressed for studying the reliability of the protein immobilisation method.

Porcine OBPs were selected for their ability to bind different classes of chemical
compounds, most of them related to foodstuff, such as pyrazine derivatives,
carvone, menthol, dihydromyrcenol, etc (147;154;252;253). The mutated
porcine OBP F88W and W16F-F88W were preferred to the wild type form of the
porcine OBP1, for their higher affinity against the fluorescence probe 1-AMA

(254), suggesting a better binding performance.

80



CHAPTER 3: Results

Insect OBPs were also used in our research. Amongst the wide range of
insect's OBPs, Polistes dominula OBP1 was selected for its good affinity
against the ligand dodecanol (255). This alcohol can be used as markers of
food borne pathogens since it is released by several gram-negative bacteria as
Escherichia coli, Citrobacter freundii, Klebsiella pneumoniae, Salmonella
typhimurium, etc (256). Apis mellifera OBP14 was picked for its atypical
structure. OBP14 belongs to the C-minus class of OBPs, bearing only five
cysteine residues (257). Moreover, this OBPs displays a binding affinity in the
micromolar range for compounds released by food as 2-heptanone, which is

related to the gorgonzola smell. (258).

General Odorant Binding Protein 2 (GOBP2) and Pheromone Binding Protein 1
(PBP1) of Bombyx mori were instead synthesised with the purpose to develop
biosensors for agriculture applications. Useful insects and pests can be
monitored and controlled by using pheromones. Pheromones are substances
secreted by an individual and detected by others of the same species, which
can produce changes in sexual or social behaviour (259). We used these two
proteins as model for developing an analytical sensor for detecting the two main
components of the pheromone blend of the silk moth Bombyx mori, bombykol

and bombykal.

3.1.1 Protein expression

Odorant Binding Proteins were expressed in a bacterial system, using the
protocol described in Materials and Methods section. The proteins were
expressed in good yields (around 15 mg of OBPs per litre of bacterial culture)
and in soluble form in case of mammalian OBPs (porcine) while the OBPs of
insects (Polistes, Apis and Bombyx) were contained in insoluble inclusion
bodies. In order to make them soluble, the proteins were denatured and
renatured with urea and DTT. This process were previously reported to yield the
OBPs in their native folding configuration with the six cysteines correctly paired
(260;261).
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Figure 24 shows the electrophoretic analysis under denaturing conditions (14%
SDS-PAGE) of crude bacterial cultures expressing OBPs, sampled before (-)
and after (+) induction with isopropyl-beta-D-thiogalactopyranoside (IPTG). The
expressed protein showed a molecular weight of about 15 kDa in the case of
insect OBPs and 18 kDa for mammalian OBPs, in according with the literature
(254,;255;257;262;263).

MG B M6 O

Porcine OBP Porcine OBP
W16F-F88W F88W

™M () B E®H M MmO @

A. mellifera P. dominula B. mori B. mori
OBP14 OBP1 PBP1 GOBP2

Figure 24 . SDS-PAGE at 14 % of acrylamide. ( -) Cellular pellet before induction; (+)
cellular pellet after induction. Molecular weight s of markers (M) were from the top: 97.4,
66.2, 45, 31, 21.5 and 14 .4 kDa

The green fluorescent protein from the jellyfish Aequorea Victoria was
expressed following the same protocol used for the OBPs. The protein was
expressed with very good yield (about 25 mg of protein for litre of bacteria

culture) and in a soluble form.
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Figure 25 shows the electrophoretic analysis in denaturing conditions (14%
SDS-PAGE) of crude bacterial cultures expressing GFPs, before (—) and after
(+) induction with IPTG.

’ d .
™M ) )

Figure 25. SDS-PAGE at 14 % of acrylamide. ( -) Cellular pellet before induction; (+)
cellular pellet after induction. Molecular weight s of markers (M) were from the top: 97.4,
66.2, 45, 31, 21.5 and 14 .4 kDa.

3.1.2 Purification of recombinant  OBPs by chromatography

The proteins were purified, using a combination of anion-exchange
chromatography and gel filtration. Fractions obtained after each
chromatographic steps were analysed by electrophoresis in denaturing

conditions (Figure 26).
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W16F-F88W OBPF88W OBP14 OBP1

Figure 26. SDS-PAGE (13%) of the fractions of recombinant OBPs purified by D E-52
anionic exchange chromatography and subsequently gel filtration. Molecul ar weight s of
markers (M) were from the top: 97.4, 66. 2, 45, 31, 21.5 and 14 .4 kDa
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GFPs of A.victoria, PBP1 and GOBP2 of B.mori were purified using a Nickel
affinity chromatography (Figure 27). These proteins bore a tag of six histidines
at the amine-terminal end, which interacted with the Nickel ions immobilized on

the stationary phase of the chromatography resin.
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Figure 27 . SDS-PAGE (13%) of the fractions of recombinant OBPs purified by Nickel
affinity chromatograp hy. Molecular weight s of markers (M) were from the top: 97.4, 66.2,
45, 31, 21.5 and 14 .4 kDa.

The use of affinity chromatography increased the yields of the purified OBPs.
The concentrations of the proteins that resulted were more than twice when
compared with fractions purified using anion- exchange and gel filtration

chromatography.

The amino acid sequences of the expressed Odorant Binding Protein are
displayed in Figure 28. The conserved cysteine residues, which represent the
characteristic fingerprint of the OBPs, are highlighted. Generally, two residues
of cysteine are present in the vertebrate OBPs, as shown in Figure 28 B, while
in the insect there are usually six ( Figure 28 A). These cysteines are interlinked
by disulfide bridges, which give to the proteins high stability. The OBP14 of Apis
mellifera is an exception, since it bore only five cysteines. This protein belongs
to the class of OBPs named “C-minus” (257;264) with only two disulfide bridges.

The C-minus class OBPs are more abundant in the ancient insects such as
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Drosophilidae, Bombyx and Apis lineages (169) and they might be ancestral

proteins from which the classic OBPs were evolved.
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Figure 28. Alignment of Odorant Binding Protein sequences performed
software (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The cys

yellow.

by Clustalw2
teines were highlighted in

The porcine OBPs expressed were two mutated forms of the wild type OBP1.
Figure 28 B shows the alignment of the mutants against the wild type form. The
porcine OBP F88W bore a mutation in position 88, where a phenylalanine (F)
was replaced by a tryptophan (W). The replacement of an aromatic amino acid
with another aromatic residue (tryptophan) did not affect the protein folding. X-
ray structure of porcine OBP-ligand complexes showed that phenylalanine 88 is

located rather close to ligands but seems not to be involved in the uptake and
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release of ligands. The porcine OBP W16F-F88W bore a second mutation in
position 16, in this case a tryptophan (W) was substituted by a phenylalanine
(F). Both mutations were localised in the binding pocket of the protein.
However, these mutated OBPs showed an higher affinity of binding than the
wild type toward the probe 1-AMA and in particular against compounds with
aromatic structures (254).

3.1.3 Fluorescent binding assay

The OBPs expressed in our laboratory were tested using fluorescence-binding

assays as described in the Materials and Methods section 2.2.1

Fluorescence binding assays were employed to study two important
parameters:
» the dissociation constant (Kp) between the protein and the probe

» the affinity of binding of target ligands

The dissociation constant, besides giving information about the affinity between
the protein and the probe, can be also used to evaluate the correct expression
and activity of the proteins. Since the OBPs employed in this research are all
known, it was possible to compare the values of the calculated Kp with the
values reported in literature. In this way, the correct expression of the
recombinant protein was proved and the activity of the OBPs in different media

can be studied.

In addition, fluorescence analyses can be used to estimate the affinity of binding
of selected ligands through competitive binding assays. In competitive binding,
the Kp is calculated as reduction of the fluorescence intensity emits from the
probe. A fixed concentration of fluorescent probe is used, while the
concentration of the test ligand is increased gradually. If the affinity of the ligand
for the protein is higher than the probe, a reduction in the emitted fluorescence

is observed. Such reduction is caused by the displacement of the probe from
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the binding site. The dissociation constant for the target ligand can then
calculated using the following formula Kp=[IC50]/1+[Probe)/Kppe, Where
[Probe] is the free concentration of the fluorescence probe and Kppe iS the
dissociation constant of the complex Protein/Probe (244). The Kp value is
important parameter for evaluating the affinity of binding of OBPs toward target

ligands in order to select the best proteins for the purposed application.

3.1.3.1 Calculation of the dissociation constant (Kp)

3.1.3.1.1 Porcine OBPs

Porcine OBPs, OBP F88W (pOBPF88W) and OBP W16F-F88W (pOBPW16F-
F88W) were tested against the fluorescent probe 1-aminoanthracene (1-AMA)
(254). Figure 29 and Figure 30 show the binding curve obtained by plotting the
concentration of 1-AMA bound to the protein over its total concentration.
Assuming that in saturating conditions, the concentration of bound 1-AMA is
equal to the concentration of the protein, we can use the fluorescence
intensities around 480 nm to calculate the concentration of bound 1-AMA. The
dissociation constant (Kp) of both proteins was estimated by using the formula
described in the section 2.2.1.The calculated values corresponded to 2.25 pM =
0.91 for pOBPW16F-F88W and 0.045 + 0.037 pM for pOBPF88W. The
pOBPF88W underwent a delipidation treatment, before the binding assay, that

considerably improved its binding activity.
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Figure 29 . Binding curve of porcine OBP W16F-F88W with the fluorescent probe 1 -AMA.
The OBP was solubilised in Tris -Cl buffer at pH 7.4 with a final concentration of 2 puM.
n=3.
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Figure 30. Binding curve of porcine OBP F88W with the fluorescent probe 1 -AMA. The
OBP was solubilised in Tris -Cl buffer at pH 7.4 with a final concentration of 1 M. n=3.

An interesting property of the OBPs is their exceptional stability to high
temperatures. OBPs can withstand temperatures up to 80 °C, and even 100 °C,
for several minutes without suffering irreversible denaturation and recover their
binding activity when returned to room temperature (147;251). This feature is
important for the realisation of biosensors that can be used at room

temperature, without altering the performance of the bio-recognition element.

Porcine OBP F88W solutions were kept at 95°C for 5 minutes in order to test
their stability near the boiling point. After cooling down to room temperature, the

affinity of binding of the OBPs toward the fluorescence probe 1-AMA was tested
(Figure 31).
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Figure 31. Binding curve of porcine OBP W16F-F88W, after boiling, with the fluorescent

probe 1-AMA. The OBP was solubilised in Tris -Cl buffer at pH 7.4 with a final
concentration of 1 uM. n=3.
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The estimated dissociation constant of the pOBPF88W after treating at 95°C
was 0.721 uM = 0.049. The high temperature reduced the activity of the OBP;
however, the calculated dissociation was still below 1 pM, demonstrating an

extremely good binding affinity.

3.1.3.1.2 Polistes dominula OBP1

The binding activity of the recombinant OBP1 of the paper wasp Polistes
dominula (PdomOBP1) was also tested with fluorescence binding assays by
using the probe N-phenyl-1-naphthylamine (1-NPN). The emission spectrum of
1-NPN in aqueous medium show a maximum around 480 nm, while in presence
of a binding protein the maximum is shifted at 405-410 nm, when excited at
337nm (255;265). The activity of PdomOBP1 was tested in 50mM Tris-ClI buffer
pH 7.4 using 1-NPN at the concentration of 1 mM (Figure 32). The dissociation
constant was calculated as previously described and the estimated value was
1.150 uM £ 0.888.
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Figure 32. Binding curve of Polistes dominula OBP1 with the fluorescent probe 1-NPN.
The OBP was solubilised in Tris-Cl buffer at pH 7.4 with a fina | concentration of 2 uM.
n=3.

The activity of PdomOBP1 toward 1-NPN was also investigated in the medium
tetramethyl orthosilicate (TMOS) (Figure 33). TMOS sol-gel can be used to
entrap proteins onto the surface of transducers for sensing applications. The

affinity of binding of the PdomOBP1 dissolved in TMOS liquid sol-gel was
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tested. The value of Kp was 3.357 uM = 1.755, higher than the value calculated
in Tris-Cl buffer at pH 7.4. Such a decrease in the activity could be attributed to
the low pH of the TMOS solution (pH around 4). In fact, it was observed that the
activity of binding of some OBPs decreases in acidic environment. For the PBP
of B.mori it was indeed demonstrated that the C-terminus folds into an a-helical
domain and enters in the binding site at pH of 4.5 (266), blocking the entrance

to ligands.
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Figure 33. Binding curve of Polistes dominula OBP1 with the fluorescent probe 1 -NPN.
The OBP was dis solved in TMOS Sol -gel pH 4 at the concentration 2 pM. n=3.

The same fluorescent experiment was repeated dissolving the protein in 50mM
acetate buffer, pH 4.5 (Figure 34). In this case, the dissociation constant of the
PdomOBP1 was of 6.340 uM + 5.557, higher than in TMOS solution. The
activity of the OBPs was found to be better in the sol-gel compared to the

acetate buffer, maybe due to the medium composition.
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Figure 34. Binding curve of Polistes dominula OBP1 with the fluorescent probe 1 -NPN.
The OBP was solubilised in acetate buffer pH 4.5 at the fina | concentration of 2 pyM. n=3.

TMOS sol-gel was studied during the project for immobilising OBPs, since it
maintained an acceptable protein activity. Nevertheless, problems related to the
polymerisation of the gel and to the appearance of cracks on the surface

addressed us to seek alternative methods.

3.1.3.1.3 Bombyx mori Pheromone Binding Proteins (PBP1) and General
Odorant Binding Proteins 2 (GOBP2)

The affinity of binding of the recombinant PBP1 and GOBP2 of Bombyx mori
was investigated in fluorescent assays against the probe 1-NPN (Figure 35).
The proteins at the final concentration 0.5 pM were dissolved in 50mM
phosphate buffer, pH 7.4. The Kp calculated were 0.336 uM = 0.032 for PBP1
and 0.147 uM = 0.023 for the GOBP2.

Both proteins were delipidated before the binding experiments, as described in
the Materials and Methods section. The delipidation step improved the affinity of
binding of the PBP1 against the probe 1-NPN by about six times (from 1.9 uM
before delipidation to 0.3 uM after delipidation).
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Figure 35. Binding curve of B.mori PBP1 (A) and GOBP2 (B) with the fluorescent probe 1-
NPN. The OBP was solubilised in phosphate buffer at pH 7.4 with a final concentration of
0.5 uM. n=3.

3.1.3.1.4 Apis mellifera OBP14

It was not possible to calculate the dissociation constant for the OBP14 of Apis
mellifera. The OBP14 did not show any signs of binding activity to the probe in
the fluorescence assay. Such results could be attributed to an incorrect
refolding of the protein during the solubilisation process, given that the OBP14
was expressed as inclusion bodies. Furthermore, OBP14 bears only five
cysteine residues and that may affect the correct formation of disulfide bridges
and consequently the tertiary structure.

3.1.3.2 Competitive binding assays against target ligands

Fluorescence binding experiments were also used to evaluate the affinity of
several OBPs against target ligands by means of competitive binding assays.
After determining the dissociation constant as previously described, the proteins
were tested against different ligands by using a fluorescence probe as reporter.
The displacement of the fluorescent probe from its complex with the protein, in
presence of increased concentrations of the ligand, leads to a reduction of the
fluorescence intensity emitted by the probe. These variations can be graphically
displayed as percent reduction of the initial fluorescence intensity emitted by the

probe versus the ligand concentration. The dissociation constant for each
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compound was then calculated from the concentration value that halved the
initial 1-NPN fluorescence signal, [IC50] (see section 2.2.1).

The results of the competitive binding assays performed using recombinant
porcine OBP F88W, GOBP2 and PBP1 of B.mori are displayed in the next

sections.

3.1.3.2.1 Porcine OBP F88W (pOBPF88W)

Using 1-AMA as the fluorescent reporter, the affinity of pPOBPF88W toward five
chemical compounds was measured. The ligands were selected on the base of
their chemical features. Two enantiomeric forms of the carvone were chosen, in
order to test the ability of OBPs to discriminate between enantiomers. 2-
phenylethanol was selected as a control as a putative weak ligand for the
porcine OBPs. Geosmin was tested since it is a marker of food quality and 2-
isobutyl 3-methoxypyrazine (IBMP) was instead assayed because considered

one of the best ligand for porcine OBPs (2).

Figure 36 reports the displacement of 1-AMA from the complex with
pOBPF88W by those compounds. The dissociation constants (Kp) were
calculated for each compound from the concentration value that halved the
initial 1-AMA fluorescence intensity ([IC50]). The data of the estimated Kp are
reported in Table 7.
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Figure 36. Competitive binding of selected ligands to pOBPF88W. A mixture of the

protein and 1 -AMA in phosphate buffer, both at the concentration of 1 MM, was titrate d
with 1 mM solutions of each competing ligand to final concentrations of 2-20 uM. The
fluorescence intensity at 480 nm was reported as percent value of the initial signal,
recorded in absence of competing ligand. When increasing concentrations of  ligand were
added to the mixture, the fluorescence probe was displaced from the OBP, leading to a

reduction of its fluorescence intensity. n=3.

Ligand Ko(UM)

2-phenylethanol >> 28 uM (N.A))

R-(-) carvone 1.219 uM £ 0.055
S-(+) carvone 0.500 uM = 0.009
IBMP 0.141 pM = 0.006
Geosmin 0.097 puM = 0.007

Table 7. Dissociation constants (K p) of the complex recombinant pOBPF88W  with the
different ligands tested.

The competitive binding assays showed a good affinity of the pOBPF88W
toward geosmin, IBMP and both the isomeric forms of the carvone. A slight
preference for the S-(+) form was observed compared with the R-(-) carvone. 2-
phenylethanol was confirmed to be a weak ligand for the porcine OBP. The
exact Kp value for 2-phenylethanol was not possible to be determined, due to
the low response. It is important to note that, the solutions of 2-phenylethanol,
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S-(+) and R-(-)carvone were prepared in 1mM phosphate buffer, instead that
the traditional methanol. The use of the buffer was driven by the fact that we
wanted to keep same conditions in both fluorescence and electrochemical
measurements, avoiding possible interfere in the detection of the electric signal.
These organic compounds, however, show a poor solubility in water and/or
buffer solutions. Ultraviolet (UV) spectrophotometry was used to estimate the
solubility of S-(+) and R-(-) carvone in aqueous solution as described by Smyrl
and LeMaguer (267). The saturated solution of S-(+) and R-(-) carvone
achieved a final concentration of 16 mM and 16.6 mM, respectively at room
temperature. The solubility of 2- phenylethanol in water was previously reported
to be about 200 mM at the temperature of 19°C (268).

3.1.3.2.2 Pheromone Binding Protein 1 (PBP1) and General Odorant Binding
Proteins 2 (GOBP2) of Bombyx mori

Bombykol and bombykal are the two main components of the pheromone blend
of the silk moth Bombyx mori. The affinity of binding of the PBP1 and the
GOBP2 against these two compounds was tested in competitive binding assays
by using the fluorescence probe 1-NPN. PBP1 and GOBP2 were tested at 0.5
UM concentration in 1:1 ratio with the probe. Table 8 reports the values of the
dissociation constants for both proteins against the pheromones bombykol and
bombykal. The Kp were estimated using the equation Kp= [IC50]/1+[1-NPNJ/K;-

NPN, Previously described.

Bombykol (K p) Bombykal (K p)

PBP1 0.053 uM + 0.015 0.053 pM +0.020

GOBP2 0.056 pM + 0.009 0.034 pM + 0.009

Table 8. Dissociation constant (K p) calculated in competitive binding assays of PBP1 and
e GOBP2 against the pheromones bombykol and bombykal

The Kp of bombykol and bombykal are graphically displayed in Figure 37.
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Figure 37. (A) Dissociation constants, Kp. (B) Affinity constants ( Kp)* of PBP1 and
GOBP2 toward bombykol and bombykal. Each column is the average of three replicates
and the bar denotes the standard error.  n=3.

Analysing the binding data, a difference in the response of the two proteins was
observed. Both proteins showed a high affinity of binding toward both
pheromones. PBP1 bound bombykol and bombykal with the same intensity,
without significant difference, as estimated with paired sample t-test with p<
0.05. However, GOBP2 showed a significant difference in the binding between
bombykol and bombykal (p<0.05; paired sample t-test). GOBP2 bound
bombykal two times better than bombykol. GOBPs may be able to discriminate

between the two compounds.

Table 9 summarises all the recombinant OBPs expressed and the values of

dissociation constants calculate against the fluorescent probes and ligands.
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Its

OBPs Expression Kp ( Probe) Kp (Ligands)
R-(-) carvone 1.219 pM +
0.055
0.045 pM = 0.037 S-(+) carvone 0.500 pM
+0.009
Porcine OBP X 0.721 pM £ 0.049 | 2-phenylethanol >> 28
F88W (after boiling) UM
geosmin 0.097 uM %
0.007
IBMP 0.141 pM + 0.006
Porcine OBP
W16E-F88W X 2.250 uM £ 0.910 N.A.
Apis mellifera
OBP14 X N.A. N.A.
1.150 uM £ 0.888 uM
(pH 7.4)
Polistes 3.357 UM + 1.755
dominula OBP1 X (in TMOS) N-A.
6.340 uM + 5.557
(pH4.5)
bombykol 0.053 pM =
Bombyx mori 0.015
PBP1 X 0336 UM £0.032 I hvkal 0.053 M =
0.020
bombykol 0.056 pM =
Bombyx mori 0.009
GOBP2 X 0.147 uM +0.023 bombykal 0.034pM
0.009
Green
fluorescent X N.A. N.A.
proteins

Table 9. Summary of the OBPs expressed and tested using fluoresce

nce-binding assays.
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3.2 Development of OBP-biosensors

After the synthesis of OBPs in large quantities, the next step of our research
was to develop an immobilisation method suitable for different types of
transducer without affecting the binding activity of the OBPs. In the next
sections, the different method studies for grafting OBPs are described. The
activity of OBPs was evaluated by performing preliminary measurements in

vapour or liquid phase by using QCMs, SPEs and IDEs.

3.3 Protein immobilisation method

Enzyme immobilisation is a key factor for developing efficient biosensors with
appropriate performances such as good stability, high sensitivity and a good
reproducibility (94). The choice of a proper immobilisation method is depended
to the nature of the bio-molecules, the configuration of the transducer and the
detection method used for recording the signal. The immobilisation does not
have to affect the structure and the biological activity of the biomolecules.
Further, the bioreceptors have to be tightly bound to the surface of the

transducer and should not be desorbed during the use of the biosensor.

Biomolecules can be immobilised by using various strategies such as
adsorption, entrapment, covalent binding, cross-linking or affinity (269).
However, each immobilisation method has either advantages and drawbacks.
Therefore, the best method is strictly dependent on the application of the
biosensor and on the parameters required, for instance maximum sensitivity or
rather stability (94) .

In the research that we carried out several immobilisation methods were

investigated:
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* Physical adsorption
» Covalent binding by alkanethiols on gold surface (SAMs)
« Entrapment in sol-gel or water-gel

» Cross-linking by using glutaraldehyde

Covalent binding by using alkanethiols is resulted the best technique for grafting
OBPs on gold platforms. This method was suitable for both liquid and vapour
phase sensing experiments. Proteins were uniformly distributed on the entire
surface of the electrode forming an insulation layer, as described in the sections
3.4.1 and 3.4.2. Moreover, the use of self-assembled monolayers for linking
biomolecules on solid surfaces is an easy, not expensive and fast technique.
The main disadvantage of using this method was a random and not-oriented
immobilisation of biomolecules on the transducer surface that could slightly

affect the sensor performance.

Physical adsorption was the first method employed for immobilising OBPs on
mass transducer. Physical adsorption is an ideal method for investigating the
possibility to use OBPs as sensitive layer of sensors. It is an easy and fast
technique, do not require the use of chemicals and do not affect the structure
and function of the protein. OBPs solutions were simply dropped on both gold
electrodes of quartz crystal microbalances and allowed to dry at air. After
drying, the biosensors were tested in vapour phase against several analytes.
The biosensors developed using this method showed a good response toward
target analytes. This was the first evidence that OBPs could be used as the

sensitive layer for vapour sensors.

Figure 38 compares the response of a QCM-based biosensor to the ligand
bombykol when the OBPs were linked via physical adsorption or through SAMs.
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Figure 38 . Comparison of the response of OBP -QCMs biosensor s developed by physical
adsorption or by SAMs. Each column is the average of the response of thr ee different
sensors normalised for the micrograms of protein bo nded on the QCMs surface. The
response s were of PBP1 of B.mori toward bombykol. n=3.

Both biosensors showed the same sensitivity to the tested analytes. However, a
better reproducibility and increased stability in the signal were observed when
the PBP1 was linked by SAMs.

The entrapment of OBPs in gel, such as tetramethyl orthosilicate (TMOS) or
tetraethyl orthosilicate (TEOS), was also investigated for the immobilisation
OBPs. Entrapment in polymer matrices is based on the growing of siloxane
polymer chains around the biomolecules within an inorganic oxide network. The
porous nature of the sol-gel network allows external analytes to reach and
interact with the entrapped bio-molecules. However, sol-gel based sensors
suffer of some disadvantages. The chemical and biological properties of the

entrapped biomolecules may change due to reduced degrees of freedom (270).

Two different sol-gel networks were studied to immobilise OBPs. (I) TMOS sol-
gel was prepared following a modified protocol described by Nogala et al. (271).
A mixture of TMOS, dH,0 and 0.04 M aqueous HCI in a volume ratio of 18:4.5:1
was sonicated for 20 minutes and then diluted 1:1 with dH,0. The obtained
stock solution was then sonicated for further three minutes and the diluted
1:100 with dH,0 and sonicated again for three more minutes. (II) TEOS sol-gel

network was instead prepared according to Lovino et al (272). A mixture of
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TEOS:PBS buffer:HCI (0.62 M) in a volume ratio of 2.9:5:0.07 was stirred
vigorously until a clear solution was obtained. The sol-gel was stored at 4° C,

until the use.

OBPs was added to the sol-gel solution and incubated for at least half hour.
After that, the sol-gel/OBP solution was drop-casted on polymeric surfaces. The
activity of OBPs in the sol-gel was initially investigated through the fluorescence
binding assay (3.1.3.1.2). The fluorescence results showed a reduced activity of
the wasp OBPs when dissolved in TMOS sol-gel, mainly caused by the acidic
environment. However, the activity of binding was still considered good. The
main limitation to the use of the sol-gel was caused by the instability and poor
adhesion of the sol-gel on polymeric surfaces. Cracks appeared on the surface
of the biosensor after dehydration of the gel, leaving several parts uncovered.
For these reasons, the use of sol-gel for immobilising OBPs was abandoned.

Agarose was also studied for the immobilisation of the OBPs due to its natural
features (273). Agarose is a polysaccharide with an average molecular weight
of 120 kDa, consisting of 1,3-I-d-galactopyranose and 1,4-linked 3,6-anhydro-k-
I-galactose units (274). In hot solutions, agarose chains exist in a rigid and
disordered configuration. Upon cooling below 40°C, the coils form orderly
helices which subsequently aggregate into thick bundles, which keeps large
pores of water (275). Agarose gel has been used for entrapping several

bioreceptor/biomolecules for biosensor applications (276).

OBPs buffer solution was mixed with a solution of agarose (0.4 % in double
distilled water) and dimethylformamide (DMF) in ratio 1:1 (277). The obtained
mixture was used as the sensing layer of SPEs. The measurements were
performed dipping the electrode in Tris-Cl buffer 50 mM pH 7.4 and adding
increasing concentration of analyte. Electrodes coated only with agarose-DMF
solution were used as control. The signal was recorded as change in the
capacitance value at the frequency of 1 kHz. The impedance measurements
were performed at potential of 0 V with amplitude of 20 mV. Figure 39 shows

the response of the sensor to increasing concentrations of 2-isobutyl-3-
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methoxypyrazine (IBMP). Each point of the plot is the average of the values
recorded from two different sensors; the standard deviation was reported as the

error bar.
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Figure 39. Impedimetric res ponse of the pOBP F88W immobilised by agarose -DMF
hydrogel to increase concentrations of IBMP . Screen- printed electrode coated only with
agarose- DMF mixture was used as control ( blank). n=2.

The OBP-biosensor responded to increasing concentrations of the analyte. The
variation in capacitance increased with the increasing of the concentration of
the analyte, until the saturation was reached. However, further investigations
and studies on the use of agarose hydrogel for immobilising OBPs were not
carried out due to the poor adhesion of the biofilm on the electrode surface.
During the measurement, the biological film often peeled off and the biosensor

activity was completely lost.

OBPs were also immobilised by using glutaraldehyde (GA) as a cross-linker.
Glutaraldehyde reacts rapidly with amine groups of the proteins forming a
compact network (278). Porcine OBPs cross-linked with 2.5% water solution of
GA (279) on interdigitated electrodes (IDEs) were assayed against volatiles.
The biosensor was tested toward 2-isobutyl-3-methoxypyrazine (IBMP) at the
concentration of 150 ppm with 18% of relative humidity. A potential of 4 volts

was applied to the system. Figure 40 shows the response over the time of the
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IDE-OBP biosensor toward IBMP. When the analyte was introduced in the
incubation chamber, a reduction in the current was observed. The baseline

current value was then restored after cleaning with fresh air.
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Figure 40. Response of IDEs functionalised with the porcine pOBPF88W to 150 ppm of 2-
isobutyl-3-methoxypyrazine. The measurements were performed in vapour phase,
applying a potential of 4V to the system.

The reproducibility in the response was quite good. It should be noted that the
high voltage applied to the system (4 volts) could affect the structure of proteins

and in consequence their activity (280).

After an investigation on the several methodologies that could be used for
immobilising OBPs, we decided to focus our research on the covalent binding of
proteins by Self-assembled monolayers. Two different alkanethiols were
studied:

* thioctic acid (TA)

» 16-mercaptohexadecanoic acid (MHA)
Thioctic acid was preferred to 16-mercaptohexadecanoic acid for immobilising

proteins on mass transducers. The short alkyl chain of TA minimised the

dissipation phenomena that can happen on the surface of the microbalance.
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SAMs of 16-mercaptohexadecanoic acid were instead used for grafting OBPs
on screen-printed electrodes and interdigitated electrodes due to its insulation
property. SAMs were formed on the gold surface of the transducers by dipping
them in an ethanolic solution of the alkanethiol for at least 20 hours, in a
controlled environment. The incubation times guaranteed the formation of a
compact and uniform monolayer on the sensor surface. The carboxylic groups
of both SAMs were then activated by using an aqueous solution of 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysulfosuccinimide
(NHS) as described in the Materials and Methods section (2.6.2). OBPs were
tightly attached on the transducer surface by peptide bonds, which were formed
between the free amino groups of the OBPs and the activated carboxylic groups

of alkanethiols.

The surfaces of the biosensors developed by using both SAMs were
characterised by using electrochemical techniques such as cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS). Moreover, green
fluorescence proteins were employed to assess whether the immobilisation
method affected the activity and the structure of the protein.
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3.4 Biosensor-surface characterisation

3.4.1 Cyclic voltammetry

Cyclic voltammetry (CV) is an electroanalytical technique, that can be used to
obtain information about the redox potential and electrochemical reaction rates
of analyte solutions (281). Therefore, cyclic voltammetry (CV) is often used to
characterise the performance and the surface of electrochemical biosensors.

CV together with electrochemical impedance spectroscopy (EIS) are used to
characterised the surface of transducers during process involved in the
biosensor realisation (282;283). CV is broadly applied for the monitoring of
SAMs properties, since it gives information on the distribution of defect
structures, kinetics and mechanism of the monolayer formation process, etc
(284,285). The compactness of the self-assembled monolayer is very important
parameter to take in account for the realisation of a functional biosensor. The
compactness of the monolayer can be affected by several factors, one of them

is the morphology of the surface of the electrode (286).

An ideally smooth gold electrode surface allows the formation of highly ordered
and regularly packed monolayers (287). The surface roughness factor usually is
estimated before modifying the gold electrode. This index gives a clear
indication of the surface morphology and can be even used for the
determination of the real area of gold electrode. The surface roughness factor is
the ratio of the real surface area to the geometric area, by definition (286). In
this work, the real surface area of the gold working electrode of screen-printed
electrodes was measured by using the redox probe KsFe(CN)gs/ KsFe(CN)g and

Randles-Sevcik equation (284):
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ipa = kn*2AvDv C, Equation 6

In this equation, k is a constant of 2.69 x 10° with units of C mol™ V" at 25°C, n
is the number of electrons appearing in the half-reaction for the redox couple, A
is the electrode area (cm?), D is the analytes diffusion coefficient (cm? s™) and v
is the rate at which the potential is swept (V s™) (288). The diffusion coefficient
for ferricyanide in a KCI solution is 7.63 X 10° cm?s™ (284).

Figure 41 shows a typical voltammogram of the redox couple Fe(CN)s>
IFe(CN)s* at the bare gold working electrode of SPEs. The SPEs was dipped in
a 0.1M KCI solution containing Fe(CN)s>/Fe(CN)s* at the final concentration of
5mM (1:1). The potential was scanned between -0.2 V and 0.5 V and the
current generated between the working and the counter electrode was
measured. Using the Equation 6 and an anodic peak current of lp, =9.82 x10™ A
(point 2 of Figure 41), the real surface area of gold electrode was calculated to
be 0.167cm?®. The surface roughness factor resulting from the ratio of real to
geometric surface area was of 1.34. The calculated surface roughness factor
was found to be within the reported values for gold electrodes used for SAM
modification (289).
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Figure 41. Cyclic voltammogram for 5 mM KsFe(CN)s/K4Fe(CN)s (1:1) in 0.1 M KCI
solution. Scan rate = 100 mVs™.

Cyclic voltammetry was also used to characterise the density and compactness
of the protein biofilm formed on the gold surface of the electrodes. The oxidation
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and reduction processes of the ferro-/ferricyanide were investigated at different
steps of the sensor preparation and then, they were compared with the same

redox processes at the bare gold working electrode.

Figure 42 shows three different cyclic voltammograms carried out at different
steps of the sensor fabrication. The first voltammogram was of an uncoated
gold electrode (a), the second after treating the electrode with a SAMs of
thioctic acid (TA) at the concentration 10mM (b) and the final one, after OBPs

immobilisation (c).
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Figure 42 . Cyclic voltammograms performed ina 5 mM K  3[Fe(CN)g)/ K4[Fe(CN)e] solution
containing 0.1 M KCl at a scan rate of 100 mV  s™*. (a) Bare gold electrode; (b) after SAMs
of thioctic acid (TA) ; (c) after immobilising of OBPs

Figure 43 shows three different cyclic voltammograms carried out at different

steps of the sensor formation, when SAMs of 16-mercaptohexadecanoic acid

was used for grafting the OBPs on the electrode surface.
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Figure 43 . Cyclic voltammograms performed ina 5 mM K  3[Fe(CN)g)/ K4[Fe(CN)e] solution
containing 0.1 M KCI at a scan rate of 100 mVs ~*. (a) Bare gold electrode; (b) after SAMs
of 16-mercaptohexadecanoic acid (MHA); (c) after immobilising of OBPs.

At the bare gold electrode, a high current at the cathodic (ipc) and anodic peak
(ira) Was observed. After the electrode was dipped in the SAMs solution, the CV
curve changed drastically due to the sluggish electron-transfer kinetics through
the alkanethiols layer (283). After linking the proteins, the cyclic voltammogram
appeared almost as a straight line. The electron transfer of the Fe(CN)¢>"* was
completely blocked. The reduction of the current intensity was caused by the
increasing of the layers deposited on the electrode. The hindrance of the
electrode (B) was evaluated as index of the layer density. The hindrance was
calculated by using the following equation (290):

. if,[SAMs—Prot] Equation 7
B=1—-"——7F——
ip [Au]

where i/[sAMs — Prot] and i [Au] were the forward (reduction of ferricyanide)
peak currents measured at both the modified and the bare electrodes,
respectively. Increasing the layers deposited on the gold electrode, the value of

the hindrance increased as well (Figure 44).

108



CHAPTER 3: Results

A. B
12 12
1 | || 1 Y
0.8 1 0.8 A [ ]
m 0.6 m 0.6
0.4 04 -
02 024
om ; : °®
GOLD TA pOBP GOLD MHA pOBP
Figure 44. Calculated hindrance (B) versus different steps of the biosensor formation.

(A.) Biosensor developed by using a SAMs of TA 10 mM. (B.) Bios ensor realised by using
SAMs of MHA 2mM.

3.4.2 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) can be used to investigated thin
films which allows charge transfer between a redox active probe in the solution
and the electrode surface (291). The main advantage, of this technique
compared to the CV, is that does not affect the surface and the specimens can

be used for further applications (284).

EIS techniques are well-established and known techniques used for the
characterisation of electrode-solution interfaces. EIS studies reveal charges of
transfer processes which occurring at the electrode-solution or at modified
electrode-solution interfaces. Any change in the EIS spectra can be related to
the change in interface properties, thus can be utlised for surface

characterisation.
The EIS was employed in our studies to evaluate the surface coverage of the
modified gold working electrode of SPEs by using the ferro/ferricyanide redox

probe.

Figure 45 shows the impedance spectra reported in the form of Nyquist plot of

different phases of the sensor preparation. In the Nyquist plot the impedance is
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presented as the sum of the real (Z’) and imaginary (Z”) components, which are
originate from the resistance and capacitance of the cell. The diameter of the
semicircle, lying on the real component, corresponds to the electron transfer
resistance (R¢) of the redox probe at the electrode interface. It reflects the

blocking behaviour of the electrode surface toward the redox couple.

The Nyquist plot of a bare gold, which was plotted as red circles in Figure 45,
shows the typical shape of a faradaic impedance spectrum for conductive
electrodes. A very small semicircle at high frequencies correlated to a very low
electron transfer resistance, followed by a 45° straight line, which is typical of a
diffusion limited electron-transfer process (292). The impedance plots of the
electrodes modified by SAMs significantly differs from the bare gold. At high
frequencies, the responses of both electrodes modified with MHA and TA
showed a semicircle with a wide diameter, due to the increasing of the charge-
transfer resistance. Diffusion processes can be still observed at low frequencies

due to imperfections of the SAM.

The values of electron-transfer resistance for the gold bare and modified
electrodes were obtained by modelling the EIS spectra with the Randles
equivalent circuit. Data related to the bare gold surface and the SAMs-modified

electrodes were fitted by means of the circuit displayed in the inset of Figure 45.
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Figure 45: Nyquist plot of the blank Au electrode ( ); Cectr ode modified with MHA ([
and TA ( 2. The test solution contained 5 mM K 3;Fe(CN)¢/K4Fe(CN)e in 0.1 M KCI. The
dotted lines correspond to the fits modelled by using the Randles equiva lent circuit.

The elements presented in the circuit are:

Rs: the ohmic resistance of the electrolyte solution;

Rct: the electron-transfer resistance of the ferro/ferricyanide redox probe;
Z,: the Warburg impedance, resulting from the diffusion of ions from the
bulk to the electrode interface;

CPE: the constant phase element, which takes into account deviations

from the ideal capacitance behaviour (292).

The diameters of the semicircles of the EIS spectrum were significantly

enlarged after the immobilisation of the Odorant Binding Proteins (Figure 46).

The proteins formed a complete insulating layer on the modified electrode,

which inhibited the passage of redox couples dissolved in the solution (48).

Diffusive processes at lower frequencies were not observed indeed. The EIS

spectra were modelled by using the Randles equivalent circuit showed in the

insert of Figure 46. The equivalent circuit kept the same elements of the circuit

described above but without the Warburg impedance (Zy).
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Figure 46. Nyquist plots of OBPs immobilised on electrodes modified with TA self-
assembled monolayers ( )\and MHA self-assembled monolayers ( ).The test solution

contained 5 mM K 3Fe(CN)g/K4Fe(CN)g in 0.1 M KCI. The dotted lines correspond to
Randles equivalent circuit fits.

The surface coverage of the modified electrodes was evaluated from the
blocking properties of the film for the electron transfer reaction of the
ferro/ferricyanide redox probe. We assumed that electron transfer reactions
occur only at bare spots on the electrode surface and that diffusion to these
defect sites is planar. If the above assumption is correct, the apparent electrode
coverage (B) can be related to the charge-transfer resistances using the

following equation (293):

0
0 Ret Equation 8

Where R% and R are the charge-transfer resistances of the bare and modified

gold electrodes, respectively.
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el SAMs SAMs SAMs SYAWVS
old Bare
(TA 10 mM) (TA10 mM) +OBP (MHA 2mM) (MHA 2mM) +OBP
Rct
0.057 3.553 32.900 8.377 74.300
(kQ) (0.838%) (0.031%) (0.008%) (0.133%) (0.009%)
CPE 0.370 0.130 0.169 0.351 1.637
(uS S") (2.45%) (0.368%) (0.158%) (0.197%) (0.130%)
0.760 0.647 0.717 0.786 0.859
n (0.418%) (0.754%) (0.022%) (0.029%) (0.014%)

Table 10. Values of circuital parameters obtained by the impeda
corresponding errors in bracket.

nce analysis with the

Table 10 summarises the parameters obtained by fitting the EIS spectra, along
with the corresponding errors. The data clearly showed that the charge-transfer
resistance increases with the modification of the gold surface from a value of
0.057 kQ for the bare electrode to 3.553 and 8.337 kQ after modification with
SAMs of thioctic acid and 16-mercaptohexadecanoic acid, respectively. A
further increase of the charge-transfer resistance was observed after the
immobilisation of the OBPs on the modified electrodes.

The fractional coverage (6) was calculated using the Equation 8, and the

relative values are reported below.

TA TA+OBPs
0 0.984 0.998

MHA MHA+OBPs
0 0.993 0.999

6 close to 1 was obtained when the OBPs was immobilised by using a SAMs of
16-mercaptohexadecanoic acid, indicating that the film covered completely the
whole surface. The estimated surface coverage, in case of OBPs immobilised
by using a self-assembled monolayer of thioctic acid, was of 0.998. The protein
films covered more than the 99 % of the electrode surface. Both the
alkanethiols studied can be considerate suitable for linking the OBPs on gold

surface since that a complete coverage of the electrode surface was achieved.
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The immobilisation of OBPs through the SAMs generated a complete insulator
layer on the surface of the electrode as demonstrated by CV and EIS. This

property was fundamental for the development of capacitive biosensors.

3.4.3 Fluorescence microscopy

A common problem with the protein immobilisation is the occurrence of surface
induced denaturation and consequent loss of function (294). Green
fluorescence proteins (GFPs) were used as model proteins since they possess
an intrinsic chromophore that is only functional when the protein is structurally
intact. Studies performed on the spectral properties of the GFPs demonstrated
the importance of the intact structure of the protein in order to keep unaltered
the fluorescence features. Chromophores in solution, separately from the
proteins, have shown to lose fluoresce. The tertiary structure of the GFPs is
important not only for autocatalysis, but also for protecting the chromophore
from substances present that can have a quenching effect (295). Green
fluorescent protein has a barrel-shaped conformation with a central p-
hydroxybenzylidene-imidazolidone chromophore. The formation of the
chromophore results from an oxidative backbone cyclization involving the
residues Serine 65, Tyrosine 66 and Glycine 67.

The wild-type GFP isolated in the jellyfish Aequorea victoria has a characteristic
dual-peak excitation spectrum with a major absorption maximum at 395 nm and
a minor peak at 477 nm. Excitation at either wavelength results in the emission
of green fluorescence around 507 nm. This dual absorption of GFP stems from
the existence of two interconvertible states of the chromophore. The neutral
phenol state of the chromophore absorbs at 395 nm, whereas the deprotonated

phenolate anion absorbs at 477 nm (Figure 47) (296).
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Figure 47. The excitation spectrum of native GFPs from A. victoria (blue) shows two
excitation states i.e. 395 nm and 477 nm. The fluorescence em ission spectrum (green)
has a peak at 507 nm and a shoulder at 540 nm. Adapted from Chelf ie et al. (297)

By using fluorescence microscopy, we demonstrated that the GFPs kept their

own fluorescence after immobilising on the SAM-modified gold electrode.

Figure 48 shows the images recorded after immobilisation of GFPs on both self-
assembled monolayers of thioctic acid (A) and 16-mercaptohaxedacanoic acid
(B). The immobilisation was performed by using the same method employed for

the OBPs, described in the Materials and Methods section (See section 2.6.2).

A.

Figure 48. Fluorescence microscopy images of GFPs immobilised by us ing (A) a SAMs of
thioctic acid at the concentration 10 mM, and (B) a SAMs of 1 6-mercaptohexadecanoic
acid at the concentration 2 mM.

In both cases, a compact green layer was observed on the gold surfaces. The
thioctic acid seemed to form a monolayer of proteins while, in presence of 16-

mercaptohedecanoic, agglomerations of GFPs were observed. The difference
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found between the two types of SAMs, can be due not only to their chemical
proprieties, but also to the roughness of the gold surface used, which can affect
the quality of the SAMs.

A SAM of 1-dedecanethiol was used as control. This thiol differs from the
thioctic acid and 16-mercaptohexadecanoic acid since it has a methyl group at
the terminal end. The methyl moiety cannot react with the free amino groups of
the protein even in presence of carboxyl activating agents such as EDC and
NHS; therefore the fluorescence protein cannot be covalently bound to the SAM
surface (Figure 49).

L e

Figure 49. Fluorescence microscopy image of a control experiment performed using a
SAM terminating with -CH 3 groups. The methyl moiety is not reactive against the
EDC/NHS activating groups; therefore, the coupling reaction wit h GFPs cannot occur.
Hence, fluoresce signal was not observed.

The control experiment with 1-dedecanethiol, demonstrated that the linking
between proteins and SAMs occurred only through peptide bonds. Only few
fluorescence spots were observed on the gold surface, as displayed in Figure

49, likely due to unspecific interactions.

The results found for the GFPs could be applied to the vertebrate OBPs as well,
since they share several biochemical proprieties. Both proteins have a B-barrel
organisation. The molecular weight is relatively close, 19 kDa for OBPs against
27 kDa for GFPs and the isoelectric point (pl) is at slightly acid pH for both
proteins (Table 11).
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Porcine OBP GFP ‘
MW 18.8 kDa 26.8 kDa
pl 4.55 5.67
Table 11. Comparison of chemical proprieties of porcine OBP and GFP . The parameters

was calculated by using Expasy ProtParam tool (

http://web.expasy.org/protparam/ ).

Considering the similarities between GFPs and OBPs, it was thought that the

results found for GFPs, could be valid for the OBPs as well.

Surface characterisation experiments demonstrated that SAMs were a suitable

method for attaching OBPs on gold electrode surface. A compact and insulator

layer of OBPs was present on the transducer surface due to the presence of

covalent bonds formed between the amino groups of the proteins and the

carboxylic groups of the alkanethiol. Furthermore, the structure of the protein

was not altered as demonstrated in the fluorescence experiment.
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3.5 OBP-based biosensors

Odorant Binding Proteins were used in our studies as sensitive layer of three
different types of transducers such as quartz crystal microbalances (QCMs),
screen-printed electrodes (SPEs) and interdigitated electrodes (IDEs) for both
vapour and liquid phase application. Figure 50 summarises the different kinds of

biosensors developed.

OBP sensitive layer

' % ]

LIQUID PHASE VAPOUR PHASE
Screen-printed Interdigitated Quartz crystal
electrodes electrodes microbalances

MASS
TRANSDUCERS

CAPACITIVE TRANSDUCERS

Figure 50. Schematic representation of the different OBP- bios ensors developed.

Quartz crystal microbalances were used as mass transducers to investigate the
sensitive and the selectivity of different OBPs in vapour phase. Recombinant
OBPs, obtained from different species of vertebrates and invertebrates, were
linked on both sides of QCMs and tested against target analytes dissolved in
vapour. The use of QCMs as transducers allowed the detection of any
interaction occurring between proteins and ligands in real-time. Such interaction

was recorded as variation in the resonance frequency of QCMs. The increase in
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mass on the surface of the QCMs, due to the presence of bound ligands, leads
to a proportional reduction in the resonance frequency of the microbalance.

Six different QCMs were tested simultaneously in vapour phase against target

analytes aiming to develop a sensor able to discriminate food related ligands.

Capacitive biosensors realised on IDEs and SPEs were employed to investigate
the binding activity of the OBPs in vapour and liquid phase. The interaction

between protein and ligand was monitored by means of electrochemical signals.

Screen-printed electrodes functionalised with OBPs were tested in liquid phase,
by using a self-designed flow cell system. OBPs were grafted on the gold
working electrodes of SPEs forming a compact insulator layer. The
measurements were performed in AC mode and a small voltage was applied to
the device. The signal was recorded as a variation in the capacitance value.
When the analyte was injected in the flow cell, a reduction of the capacitance
was observed. The initial capacitance value was re-established after eluting
away the ligand from the sensor surface. The biosensor showed an excellent
selectivity, a good sensitivity- concentration in the order of nanomolar was
detected and a good reproducibility. Moreover, the use of a liquid medium
mimicked the natural environment of the OBPs, maintaining the biochemical
features of the proteins. After proving that the interaction between OBPs and
ligands can be detected with electrochemical method, the system developed for
SPEs was transferred to interdigitated electrodes (IDEs). IDEs functionalised
with OBPs were tested in vapour phase against the ligand S-(+) carvone. In this
instance, only few tests were performed due to time constraints. However, it
was possible to show as a proof of principle that the interaction between OBPs

and ligands can be electrochemically detected also in vapour phase.

The working principles and the tests performed on the developed OBP-based
biosensors are described in detail in the next sections.
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3.6 Label-free impedance/capacitive biosensors

The biological interaction between an electrical biosensor and a target analyte
can be detected in a variety of ways i.e. capacitance, resistance, voltage and
current. Due to their low cost, low power consumption and possibility of
miniaturization, electrical biosensors hold great promise in applications where
minimizing size and costs are crucial. In particular, capacitive biosensors have
shown great promises in immunology field, for the detection of heavy metal ions
and for DNA sequencing, providing high selectivity and low detection limits
(298).

In a capacitive biosensor, the electrode surface is generally covered with an
insulating layer and the bio-recognition element is immobilised on it. Electrodes
immersed in an electrolyte solution can be described as a re-assembled
capacitor (200). Charged species and dipoles present in the solution will be
oriented at the electrode-solution interface, generating the electrical double-
layer (EDL).

The assaying principle of capacitive biosensors is simple and does not require
the use of labelled compounds (299). Any physiochemical change, which
happens at the interface of the sensing element, can be detected as variation of
the capacitance value (300). When a target molecule interacts with the
bioreceptor, solvated ions and water are pushed out from the electrode surface,
resulting in a change of the sensor capacitance. The decrease in the biosensor
capacitance is proportional to the amount of bound molecules (299).
Furthermore, conformational changes of the bio-recognition element, caused by
the interaction between proteins and ligands, can lead to decreases in the
capacitive signal as well. Also in this case, the change in capacitance is
generated by modifications in the EDL distance (301).
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The selectivity and the sensitivity of the OBP-based biosensor developed by us,
was investigated towards several analytes selected on the basis of their binding

affinity.

The sensors were developed on disposable screen-printed electrodes. Porcine
OBP, pOBPF88W, were immobilised on the gold working electrode by using a
self-assembled monolayer of 16-mercaptohexadecanoic acid (see Section
2.6.2). The insulating proprieties of the sensors were investigated through
electrochemical methods. Both CV and EIS showed the presence of a compact
insulation layer on the surface of the sensor, especially after the immobilisation
of OBPs.

3.6.1 Sensing experiments

The capacitive measurements were performed in liquid phase under a constant
flow rate of sodium phosphate buffer. The working electrode was polarised at
0.1 volt against the silver reference electrode. Each scan was performed in the
frequency range between 1 Hz and 0.1 MHz. Figure 51 shows the raw response

of the OBP-sensor at different concentrations of the tested analyte S-(+)

carvone.
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Figure 51 . Raw response of pOBPF88W -biosen sor to different concentrations of  S-(+)-
carvone. A voltage of 0.1 V was applied. The frequency was sca  nned between 1 Hz and
0.1 MHz with 20mV amplitude.
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When increased concentrations of analyte were injected in to the flow cell

system, a decrease in capacitance was observed.

The measurements were performed using a “step by step” procedure. The
analyte was introduced in the flow cell for 15 minutes after a stabilisation time of
about 50 minutes. This was followed by a cleaning step of 20 minutes with

phosphate buffer to reequilibrate the system.

In Figure 52, the typical behaviour of the OBP-capacitive biosensor with
increasing concentrations of analyte is shown. The capacitance was recorded at
a frequency of 96Hz.
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Figure 52 . Dynami c of the response of pOBP F88W-biosensor at different concentrations
of S-(+) carvone and after the “regeneration” step performe d with PB buffer.

Reductions of the capacitance of the order of tens of nanofarads were recorded
in presence of the analyte. The capacitance increased again when the buffer
was injected. A full recovery of the baseline signal was not observed likely due
to a slow dissociation rate between the protein and the ligand. The dissociation

constant calculated for S-(+) carvone was 0.5 uM.

The observed variation in the capacitance values could be associated with
several phenomena. A first hypothesis suggested that the reduction in the
capacitance was caused by the increase of the distance between the EDL and
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the electrode. When the analytes entered in the binding pocket of the protein,
the diffuse layer was further displaced increasing the distance from the
electrode surface. A second hypothesis, which was demonstrated for other
capacitive biosensors (298), supported that the capacitive responses can be
generated by the replacement of conducting agueous solution present the
binding pocket of the OBPs with less conductive chemical compounds. In Table

12, the dielectric constants (€) of water and the tested analytes are reported:

Substance € Temperature Reference

water 80.37 20°C (302)
S-(+) carvone 11 22°C (302)
2-phenylethanol 13 20°C (302)

Table 12. List of the dielectric constants of the tested analy te and water.

The € of the ligands resulted to be almost eight times lower than the water,

explaining the reduction in the capacitance value.

Before starting the measurements, the sensor was stabilised for at least 50
minutes under a constant flow of phosphate buffer in order to reach a stable
baseline signal.

Figure 53 displays the drift of the sensor recorded over the time.
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Figure 53 . Evaluation of the sensor drift over  the time. E 4 = +0.1V, Eac = 20 mV, f = 96 Hz,
flow rate 0.5 ml min * of 10 mM phosphate buffer, pH 7.

The sensor was monitored at different times between 0 and 150 minutes under
a constant phosphate buffer flow. In the first fifty minutes, a large drift was
observed (Figure 53 A) but after this initial period, the variation of the
capacitance over the time was less than 1% (Figure 53 B).This effect was likely

associated to the formation of the electrical double-layer.

Several analytes were tested toward the OBPs biosensors. They were chosen
on the basis of their dissociation constant estimated by means of fluorescence
binding assays (see section 3.1.3.2.1).The aim was to investigate whether the
interactions between OBPs and ligands could be detected as a change in the

capacitance value without using auxiliary probes.

Nowadays, the fluorescence competitive binding assay is the method commonly
used for determining the affinity of binding between OBPs and ligands. In the
fluorescence assay, the direct interaction between the protein and the ligand
cannot be detected. Sometimes, this method is not reliable due to the presence
of the probe in the binding pocket of the protein, which can facilitate the

entrance of other ligands.
Figure 54 shows the concentration response curve of pPOBPF88W sensor to 2-

phenylethanol, S-(+) and R-(-) carvone. Each point of the plot represents the

variation in capacitance (C-Cy) normalised for the initial capacitance value

124



CHAPTER 3: Results

versus the ligand concentration, expressed as percentage. The measurements
were repeated in triplicate. S-(+) and R-(-) carvone were chosen as target
ligands for their good affinity toward the porcine OBPF88W, as previously
determined. Moreover, we wanted to investigate the possibility of the capacitive
sensor to discrimination between enantiomeric forms. 2-Phenylethanol was

used as negative control due its low affinity for the porcine OBP (Kp >>28uM).

As a second negative control, lysozyme was also used. This protein is a
glycoside hydrolase isolated form chicken egg white. Lysozyme was
immobilised on the gold working electrode of screen-printed electrodes by using
the same procedure employed for the OBPs. Lysozyme shares a similar size
with the porcine OBP, 14 kDa against 18 kDa and it does not show any binding
activity.

== (+)carvone

—0— (-)carvone

04 Lysozyme vs (+)carvone
2-phenylethanol

(C-C,)IC, %

0 1 2 3 4 5

Concentrations [uM]

Figure 54. Response s of the OBP -biosensor to differ ent concentrations of selected
analytes. E xperimental conditions required Eqc = +0.1V, E,c = 20 mV, f = 96 Hz, flow rate
0.5 ml min ™ of 10 mM phosphate buffer, pH 7. n=3.

The response of the capacitive sensor against the ligands reflected the affinity
of binding previously estimated in the fluorescent assays. S-(+) and R-(-)
carvone showed higher variations in the capacitive response whereas the signal
recorded in presence of 2-phenylethanol was more than four times lower.
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The response curves of pOBPF88W to 2-phenylethanol and lysozyme against
S-(+) carvone were almost superimposable, confirming the absence of binding
interactions. 0.5 pM concentrations of S-(+) and R-(-) carvone seemed to
saturate the sensors. The binding sites of the OBPs were all occupied by
ligands and further increases in concentrations did not lead to a proportional

rise of the signal.

The response of the biosensors plotted in a logarithmic scale is displayed in

Figure 55.
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Figure 55. Responses of the OBP -biosensor to different concentrations of the selected
analytes, plotted in log scale. Experimental conditions: E ac = +0.1V, Eac = 20 mV, f = 96
Hz, flow rate 0.5 ml min ™ of 10 mM phosphate buffer, pH 7. n=3.

At the lower concentrations tested (0.05 uM), the OBPs-sensor was able to
discriminate between carvone and 2-phenylethanol. Such selectivity in the

response became more evident when 0.5 pM concentrations were used.

The reproducibility of the response of the sensor over the time was also

investigated.
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Figure 56 shows the capacitive response of three OBPs biosensors tested in
different days against the ligand R-(-) carvone. All three biosensors belonged to

the same batch and they were stored at the temperature of 4°C until the use.
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Figure 56 . Reproducibility of OBPs -biosensor response determined  over the time. The
measurements were performed against the ligand R-(-) carvone in three different days .

The sensors were stable over a period of three days. No significant difference in
the biosensor response was observed and the total standard deviation (SD)
calculated among the measurements was found to be 0.005 + 0.001.

3.6.2 Determination of the dissociation cons tant

The dissociation constants of the OBPs-biosensor against the ligand S-(+) and
R-(-) carvone were determined by plotting the absolute value of the capacitance
changes as function of the ligand concentration. The values were fitted with the
non-linear regression analysis by using the Langmuir isotherm (Equation 9),
assuming that the analyte is both monovalent and homogenous, the ligand is
homogeneous and that all binding events are independent (303).
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[AB]= [B]max* L Equation 9
Ko + [A]

where [AB] is the degree of saturation, Bmax IS the number of maximum binding

sites, and Kp is the equilibrium or dissociation constant.

Assuming a Langmuir adsorption isotherm, the change in relative capacitance
was found to be directly related to the amount of ligand bound by the OBPs
(304).

The dissociation constant for S-(+) and R-(-) carvone, reported in Table 13 was

estimated by using Equation 9.

S-(+) carvone 0.123uM = 0.037
R-(-) carvone 0.084 uM + 0.022

Table 13. Dissociation constants of pOBPF88W for R-(-) and S-  (+) carvone

There was no significant difference in the affinity of binding of pOBPF88W
between S-(+) and R-(-) carvone, as estimated with paired sample t-test with p<
0.05.

The developed capacitive OBP biosensor was not able to discriminate between
the two enantiomeric forms. The values of the Kp determined by using
fluorescent binding assays were different from the data obtained in the
capacitive measurements. The dissociation constants in case of OBP-sensors
were an order of magnitude lower than the values found in the fluorescent
assays. Such differences could be related to the different methodology
employed. Capacitive sensors measure the direct interaction between the
protein and the ligand. The fluorescence binding assay instead uses an indirect
system to calculate the Kp, and higher quantities of ligand may be required to
obtain a visible signal.
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However, further studies will be necessary in order to understand the reasons
that form the basis of the diversity found in the dissociation constant values.
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3.7 Quartz crystal microbalance-based biosensors

The Quartz Crystal Microbalance (QCM)-based biosensors are simple and
label-free devices that can be used for monitoring interfacial binding reactions in
real-time (178;305).

QCMs have been used for varied applications in several disciplines of science
and technology. For instance, in the detection of metals, vapours, chemical
analytes, environmental pollutants, biomolecules, disease biomarkers, cells and
pathogens (306). In the last few years, the use of mass transducers as
platforms for medical devices has been considerably increased. Extensive work
have been done to develop biosensors based on biomolecules for studying the
interaction between protein-protein, protein-ligands, DNA/RNA, antibodies-
antigen, etc. (307).

Quartz crystal microbalances can measure any minute changes in mass due to
the piezoelectric proprieties of the quartz. The adsorption of analyte molecules
on the surface of the quartz crystal leads to increases of mass, resulting in a
detectable decrease of the resonance frequency. The adsorption process is
fully reversible and fast. The accuracy of the measurements is high, since that
difference in the weight of the order of picograms can be detected (308).

The goal of our research was to investigate the possibility to use OBPs as
sensitive layer of QCMs for vapour phase applications. Quartz crystal
microbalances (QCMs), with a resonance frequency of 20 MHz, were
functionalised with different Odorant Binding Proteins and tested against the
vapour of several chemical compounds. The interaction between the OBPs and
the ligands was easily recorded as variation in the resonance frequency of the

QCMs, Iin real-time.

OBPs were immobilised on both gold electrodes of the QCMs by using a self-

assembled monolayer of thioctic acid (TA) (Figure 57). The disulfide of the
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thioctic acid strongly bound the gold surface via a covalent bond, while the
carboxylic acid group at the other terminal end can be activated to bind

covalently the free amino groups of proteins.

Figure 57. Thioctic acid structure

Thioctic acid was preferred to 16-mercaptohexadecanoic for its short alkyl
chain, which minimises the dissipation phenomena. Monolayers made up of
alkanethiols with alkyl chains shorter than 9 carbons, resulted to be less
ordered and compacted when compared with molecules with a longer alkyl
chain (309).The surface of the OBPs-biosensor developed using a SAM of
thioctic acid was studied by several techniques as described in the section 3.4.
The obtained results demonstrated that a dense and compact biofilm was
formed on the gold electrode.

Two types of QCM-OBP based biosensors were developed during this
research:

1. Biosensors based on Pheromone Binding Proteins and General Odorant
Binding Protein (PBPs and GOBPSs) for the detection of pheromones in
the environment. The purpose was to realise a device for controlling of

useful insects and pests with applications in agriculture.

2. Biosensors based on OBPs belonging to different species of vertebrates
and invertebrates for the detection of volatile compounds released by
foodstuff. The aim was to develop an array of sensors able to monitor the
quality of food along the transportation and the storage, in real-time.
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3.7.1 Quartz crystal microbalance biosensors based on Pheromone
Binding Proteins and General Odorant Binding Protei ns.

Odorant Binding Proteins can be classified in several subgroups on the base of
their amino acid sequence (144). Pheromone Binding Proteins (PBPs) and
General Binding Protein (GOBPs) are two classes of OBPs isolated in the
antenna of insects. These proteins have been extensively studied since they
seem to be involved in the recognising and transporting of pheromones in the

perireceptor space (310-312).

In our research, PBP1 and GOBP2 of the silk moth Bombyx mori were
investigated as putative active layers of QCMs for the detection of the two main

components of the silk moth pheromone blend: bombykol and bombykal.

Bombykol, (E)-10,(Z2)-12-hexadecadien-l-ol, was the first attractive compound
discovered. It is secreted from the abdominal glands of the female of B.mori and
serves as an attractant toward the males of the same species. Bombykal, (2)-
10,(E)-12-hexadecadienal by contrast seems to act as antagonist of bombykol

in the mate behaviours (313).

PBPs and the GOBPs are both present in the antenna of B.mori, but their
expression pattern is different between the males and females. PBP1 is
expressed at high level (10mM) in the long sensilla trichodea of the antenna of
males. In this kind of sensilla are present two neurones, which are highly
sensitive to the female sex pheromone, bombykol and bombykal (314). The
sensilla trichodea of the female of B.mori is instead sensitive to chemical
compounds released by the host plants, such as linalool and benzoic acid (315)

and always expresses GOBP2 (165).
In a study published by Zhou et al. in 2009 (310), the selectivity of PBP1 and

GOBP2 of B.mori toward components of the pheromone blend was investigate.

The affinity of binding was estimated by fluorescence binding assay, using 1-
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NPN as fluorescence probe. They demonstrated that GOBP2 was able to
discriminate between bombykol and bombykal, while PBP1 was not able to do
this.

We repeated the same experiments and the results were shown in the section
3.1.3.2.2. Our results showed that GOBP2 could distinguish between bombykol
and bombykal but the affinity was higher for bombykal than bombykol. Differing
from the method published by Zhou, a delipidation step was performed before
assaying the affinity of binding. Such process can increase the affinity of the
recombinant proteins against the ligand, by removing any lipid residues present
in the binding pocket of the OBPs. This may explain the difference in the two

results.

PBP1 and GOBP2 were immobilised on the gold surface of quartz crystal
microbalances as previously described and tested in vapour phase against the

bombykol and bombykal.

Figure 58 shows the typical response-time curve of a VOC detection cycle. The
sensor was stabilised under a constant flow of air for at least 30 minutes before
the analyte injection. After that, the analyte, in this case bombykol, was
introduced into the detection chamber. The frequency decreased quickly, until a
saturation frequency was reached. Clean air was then introduced in the
detection chamber and the frequency returned to the initial value. The response

of the sensor was completely reversible.
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Figure 58 . Typical odorant response cycle curve of the GOBP2 of QCM- based biosensor
toward the analyte bombykol.

3.7.1.1 Gas Chromatography-Mass spectrometry: quantification analysis of
bombykol and bombykal

Gas Chromatography-Mass spectrometry (GC-MS) was used to estimate the
relative volatility of the bombykol and the bombykal. Experimental values of the
saturated pressure of these two chemical compounds are not available and the

only information accessible is predicted in silico.

Table 14 displays the values of vapour pressure predicted by using two different

algorithms.
Predicted by ACS/lab  Predicted by EPI suite
(Ba?g%'l‘)o' 1.29E-4 Torr @ 25°C  5.69E-6 Torr @ 25°C
g‘f{;‘;%fg) 8.89E-5 Torr @ 25°C  4.12E-4 Torr @ 25°C
Table 14. Values of saturated vapour pressure of Bombykol and Bombykal f rom different

sources. ACD/Percepta Platform  (ACS/lab) and Estimation Program Interface (EPI) Suite

134



CHAPTER 3: Results

It was interesting to note the discrepancy among the different sources, and in
particular ACS/lab reported a value of saturated pressure for bombykal lower
that bombykol, even if it is well known that aldehydes are more volatile than

alcohols.

Driven by the necessity to normalise the QCM-based biosensor data, GC-MS
analysis was performed. The relative volatility of known concentrations of pure

bombykol and bombykal in ethanolic solution was evaluated by this method.

Figure 59 displays the total ion chromatogram (TIC) of a 1:1 mixture of

bombykol and bombykal.
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Figure 59. Total ion chromatogram, obtained by GC -MS of the mixture
bombykol/bombykal.

The chromatographic peaks were identified by matching the mass spectra
against mass spectra data from NIST (National Institute of Standards and
Technology) and Wiley MS libraries. The mass spectra of the bombykal and
bombykol are displayed in Figure 60.
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Figure 60. Mass spectra of bombykal (A ) and bombykol (B) .

The first peak was identified as bombykal by mass spectrometry, with a
retention time (R;) of 22.96 minutes. The bombykol was the second peak (R; of
29.26 minutes). A high polarity column (DB-WAX) was used for our
experiments. Bombykol due to its polar nature interacted strongly with the polar
stationary phase of the column increasing the retention time.
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The Area Normalisation method was used to estimate the relative volatility of
the bombykol and the bombykal. This method is based on the calculation of
area percent, which is assumed to be equal to weight percent. If X is the

unknown analyte, then we obtain

Ax
Y (Ai)

Area % X = [ ]x 100 Equation 10

where Ax is the area of the X compound and the denominator is the sum of all
the areas (316).

Since the same concentrations for both analytes were used and their molecular
weights are almost identical, we assumed that the area of the peak was
proportional to the concentration of the analyte in the headspace. Figure 61
displays the area of the peak normalised for the value of the total area (area
bombykol plus area bombykal) of 12 replicates. The standard deviation was

approximately the 5% of the calculated value.
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Figure 61. Area percentage of the peak of bombykol and bombykal. n=1 2.

The relative abundance of the two components was 68.8% bombykal and 31%

bombykol.
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3.7.1.2 QCM based biosensor responses

QCMs functionalised with recombinant PBP1 and GOBP2 of B.mori were
tested, in vapour phase, by using the delivery system described in the Materials

and Methods section.

The measurements were performed under constant flow of air at the rate of 20
ml min™. The biosensors were tested with different concentrations of the
analyte. The pheromone flow channel was increased from 20% to 100% of the
initial saturated concentration by mixing with a separate flow of air, maintaining
however a total flow rate of about 20 ml min. The amount of proteins
immobilised in the gold surface of the quartz microbalance was initially

estimated by using the Sauerbrey equation (Equation 2).

2f2Am
Af = — —2— Equation 2

A\kqPq

Where Af is the measured frequency shift; fy is the fundamental resonant
frequency of the crystal; Am is the mass change; A is the piezoelectrically active

area; Hqis shear modulus of quartz; pqis density of quartz.

Table 15 reports the micrograms of OBPs immobilised on each QCM tested.
The final values were deducted of the contribution of the self-assembled

monolayer.
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QCMs Hg Protein
Q1-PBP1 1.84
Q2-PBP1 1.91
Q3-PBP1 8.38
Q4-GOBP2 4.01
Q5-GOBP2 5.80
Q6-GOBP2 5.90
Table 15. Amounts of protein immobilised of each quartz crystal mi crobalance estimated

by using the Sauerbrey equation.

Figure 62 displays the dose-dependent responses curve of the average of three
PBP1 and three GOBP2 based biosensors to bombykol and bombykal.

The data were normalised by dividing the frequency variation by the
micrograms of protein immobilised on each QCM. Moreover, to compare the
response of the sensors to bombykol with the response to bombykal, the
normalised data were divided by the area of the GC-MS peaks. The peak area
was used as index of the relative volatility. Since the vapour pressure values of
bombykol and bombykal are not known, it was not possible to estimate the
concentrations of the two analytes. In fact, on the x-axis of Figure 62, the flow
rate of the analyte on a total flow of 20 ml min™ is reported.
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Figure 62 . Dose-response curve of PBP1 and GOBP2 based biosensors. In the le gend
bombykol is indicated as OL and bombykal a s AL. ( ll) Response of PBP1 to bombykol;
() response of PBP1 to bombyka I; ( A) response of GOBP2 to bombyk ol; ( A) response
of GOBP2 to bombyka | and ( 4) response of an uncoated QCM (BLANK) to the analyte.
n=3.

The data showed the typical dose-response behaviour. The variation in the
measured frequency of the QCMs increased with the analyte concentration. All
the sensors reached a plateau. At that point, even if higher concentrations of
analyte were used the biosensor response was not proportionally raised, likely
due to a saturation of the binding pocket of OBPs.

A second hypothesis at such response could be related to the low volatility of
the analytes and to their high enthalpy of vaporization. However, when the
VOCs were heated up until 90°C, the response of the sensor was not increased

as well.

The results obtained from vapour phase measurements showed that neither
PBP1 nor GOBP2 were able to discriminate between the two pheromone
components. However, these results highlighted the high affinity of PBP1
towards both ligands compared to GBOP2.
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Figure 63 A displays the response of PBP1 and GOBP2 biosensor to fixed
concentrations of bombykol and bombykal. The data were analysed by using
the Analysis of Variance (ANOVA)-one way (Figure 63 B). A significant
difference in the response was found between PBP1 and GOBP2 to bombykol
and to bombykal. There was not a significant difference between the responses

of PBP1 to both pheromones. The same was observed for GOBP2.

P
©
m

\

Figure 63. (A) QCM-biosensors responses at a fixed concentration of bombykol and
bombykal. (B) One way Analysis of Variance (ANOVA) of the QCM-biosensors to the
same concentrations of bombykol and bombykal. n=3.

The data obtained from the QCM biosensors in vapour phase differed from the
fluorescence binding assay measurements. In the fluorescence assay, a lower
dissociation constant was found for GOBP2 toward bombykal. The values of Kp
of PBP1 against bombykol and bombykal and GOBP2 versus bombykol were
not significantly different. It seemed like GOBP2 could discriminate between two

pheromones.

Considering the role of the OBPs as carriers of pheromones and hydrophobic
molecules through the sensillar lymph and the pattern of the expression of
these two proteins in the antenna of the silk moth, the data obtained from the
QCM-biosensors seemed quite reasonable. In fact, the higher response to both
the female pheromones was found for PBP1. PBP1 is highly expressed in the

antennae of males, where these two pheromones are perceived. However,
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GOBP2 is expressed in the antenna of the females, which is sensitive to

volatiles released by host plants in the environment.

Moreover, the affinity of binding of PBP1 towards three stereoisomers of the
bombykol (10e-12z) was investigated. 10Z-12E hexadecadien-1-ol (10z-12e),
10Z-12Z hexadecadien-1-ol (10z-12z) and 10E-12E hexadecadien-1-ol (10e-
12e) were tested. Amongst them, 10E-12E hexadecadien-1-ol is also a

component of the B.mori pheromone blend (310).

Figure 64 shows the response of the PBP1-sensor at a flow of 8 ml min™* of
analyte. Each column is the average of the response of three sensors
normalised by the micrograms of proteins immobilised on the QCMs. The
results were analysed with one-way ANOVA test. Not significant difference (p<
0.05). was found among the reported values. PBP1 was not able to discriminate

among different steroisomeric forms of the pheromone bombykol.
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Figure 64. Response of PBP1 to bombykol and three stereiso mers at a fixed
concentration of analyte. Bombykol (10e-12z); 10Z-12E hexadecadien -1-ol (10z-12¢); 10Z-
12Z hexadecadien -1-ol (10z-12z) and 10E-12E hexadecadien -1-ol (10e-12€). n=3

The obtained data agreed with the results obtained in fluorescence competitive

binding assays (data not shown).

The results obtained showed that the affinity of binding of PBP1 and GOBP2

toward the two main components of the pheromone blend, bombykol and
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bombykal reflected the physiological role of these proteins in the antennae of
B.mori.

The developed biosensor was highly sensitive, the detection limits was of the
order of few parts per billion, even if, the exact concentration of the volatiles
could not be estimated. Measurements carried out with the QCM-based
biosensors were performed at the temperature of 30°C; whereas samples used
for GC-MS analysis were warmed it up to 150°C, in order to obtain a detectable

signal in the chromatogram.
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3.7.2 Quartz crystal microbalance based on Odorant Binding Proteins
(OBPs) for food monitoring

Odorant Binding Proteins belonging to different species of vertebrates and
invertebrates were also investigated as sensitive layer of mass transducers for

the detection of analytes related to the quality of food.

Perishable and processed foodstuffs constantly release volatile compounds in
the environment, which can be used as markers for monitoring its quality.
Amongst organic compounds that contribute to the food aroma, pyrazine
derivatives were identified as major responsible of the roasted and cooked
flavour (317). Pyrazines were mainly detected in heated foods such as beef
products, toasted barley, cocoa, coffee, peanuts, popcorn, potato chips, rye
crisp bread and roasted hazelnuts as result of the Maillard reaction. However,
they can be also produced during the fermentation process in fermented food.
Fresh foods like tomatoes, peas, green bell peppers, asparagus, kohlrabi and

dairy products are also sources of pyrazines (318).

Three pyrazine derivatives were used as target analytes for testing QCMs
functionalised with different OBPs, in vapour phase:

» 2-Ethylpyrazine, which is present in wheat bread (319), cocoa (320),
coffee (321), black and green tea (322), roasted peanut (323), fish sauce

and cooked mussels (324).

* 2,3-Dimethylpyrazine, which also existents in bread (319), coffee (321),
roasted hazelnuts (325), cocoa (326), peanuts (327), dark chocolates
(328) fermented soybean paste (Dienjang) (329), French fries (330) and
beer (331).
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» 2-Isobutyl-3-methoxypyrazine (IBMP), which is found in different species
of pepper (332-334), coffee brew (335), British Cheddar cheese (336)
and baked potato (337). Moreover, IBMP shows an extremely low
olfactory threshold for human nose, around 2 parts per trillion in water
(338).

Besides pyrazine derivatives, a terpene was also used as indicator of off-flavour
in food. Geosmin (trans-1,10-dimethyl-trans-9-decalol) is responsible of the
strong mouldy and earthy smell of fruits and water. It is a secondary metabolite
produced by some Penicillium species (4) and by Actinomycetes (5). Human
beings can detect 0.7 parts per billion of geosmin in fish tissues. The presence
of even lower traces of geosmin in water can hamper industries that are
responsible for producing drinking water, cereal, sugar, whiskey and paper

tissue products (339).

In order to develop a biosensor for the detection of markers of food quality,
QCMs were functionalised with six Odorant Binding Proteins belonging to
different species of vertebrate and invertebrate. The aim was to identify which

OBPs displayed the best performance for the tested ligands in vapour phase.

Amongst the vertebrate OBPs porcine OBP1-C (pOBP-C), porcine OBP F88W
(pOBPF88W) and the major urinary protein 10 (MUP) of mouse were used.

Porcine OBP-C is a mutated form of the wild-type porcine OBP-1, bearing an

additional cysteine in position 2. This protein maintained all the binding features
of the wild type form and the presence of the cysteine made easier the
immobilisation of the protein on the gold surface. The thiol group of the cysteine
bound to the gold electrode of the quartz crystal microbalance, via a strong
covalent bond.

The porcine OBP _F88W is also a mutated version of the porcine OBP1. The
phenylalanine in position 88 was replaced by a tryptophan. F88W mutants
showed an improved affinity toward the fluorescent probe 1-aminoanthracene,
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when compared to the wild type. This result was easily explained by the
presence of the tryptophan indole ring that reasonably stabilised the complex

through 1T interactions between the two aromatic systems (254).

The Mouse Major Urinary Proteins (MUPS) are a family of Pheromone Binding

Proteins (340). MUPs act as a molecular sponge, protecting (341) and
controlling the release of mouse pheromones from the urines (342). MUPs are
present in nature in different isoforms. MUP 10 (formerly known as MUP II),
used in our research, are proteins mainly expressed in the liver of mice. From
there, they are secreted into the serum and then excreted into the urine (343).
MUP 10 can bind a variety of male-derived pheromones, including 2-sec-butyl-
4,5-dihydrothiazole,  6-hydroxy-6-methyl-3-heptanone and  dehydro-exo-
brevicomin (344), which affect the physiology and behaviour of the mouse.

Polistes dominula OBP1 (P.domOBP1), Locusta migratoria OBP1
(LocustOBP1) and Bombyx mori PBP1 (B.moriPBP1) were instead chosen from

the OBPs of invertebrates.

So far, Polistes dominula OBP1 is the only OBP to be isolated in the European

paper wasp. This protein of 15 kDa is equally expressed in antennae, wings and
legs of male and female wasps but not in other parts of the body (255). Long
linear alcohols and carboxylic acids result as the best ligands for the wasp OBP.

Locusta migratoria OBP1 shows a good affinity to linear aliphatic alcohols and

ketones of approximately 15-carbon chain length. It is organised in a compact
structure made up of six a-helices stabilised by three disulfide bridges, giving to
the protein high stability. The internal binding pocket is large and

accommodates relatively high molecular weight compounds (345).

The PBP1 of Bombyx mori was identified in the antenna of the silk moth, in the

early nineties (262). It is the first Odorant Binding Protein to be characterised by
X-ray diffraction spectroscopy (162) and nuclear magnetic resonance (NMR)

(266;346). PBP1 has very compact structure due to the presence of three
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interlocked disulphide bridges. This structure seems to require conformational
changes to allow the entrance and the release of ligands from the binding
pocket. However, experimental evidence of the process is not yet available. The
main ligands of the PBP1 are the natural component of the pheromone blend:
bombykol, bombykal and (10E,12E)-hexadecadien- 1-ol (314).

In Table 16 are summarises the OBPs used as sensing layer for QCMs for

vapour phase measurements.

VERTEBRATE OBPs ‘ INVERTEBRATE OBPs

Porcine OBP-C L.migratoria OBP1
Porcine OBP F88W P.dominula OBP1
MUP 10 B.mori PBP1
Table 16. Summary of the Odorant Binding Proteins used for functional ising quartz

crystal microbalances.

3.7.2.1 Quartz crystal microbalance- Sensing experiments

The described OBPs were linked on the gold surface of QCMs by using self-
assembled monolayers of thioctic acid. An ethanolic solution of thioctic acid at
the concentration of 100mM was drop-casted on both gold electrode surfaces
(248) and left to dry in air. Before grafting the proteins, the carboxylic groups of
the TA were activated by using a water solution of EDC: NHS in ratio 1:2.
Porcine OBPs-C was instead linked to the gold electrode via the thiol group of

the extra cysteine, which was localised at the N-terminus of the protein.
The amount of protein linked on the QCMs was initially estimated by using the

Saurbrey equation, as previously described. Table 17 reports the mass of

protein immobilised on each QCM, expressed in micrograms.
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OBPs Mass of proteins (ug)

Porcine OBP F88W 2.12

P.dominula OBP1 4.25

L. migratoria OBP1 5.07

MUP 10.48

B.mori PBP1 12.30

B- lactoglobulin 3.99

porcine OBP-C 4.50 (%)

Table 17. Amount of OBPs immobilised on the gold surface of the QCM. (*) porcine OBP-

C was immobilised without using SAMs.

An array of six QCMs functionalised with different OBPs was tested
simultaneously. The measurements were performed in vapour phase under a
constant flow of dried air at the rate of 10 ml min™. Sensors were stabilised for
at least 30 minutes, under airflow, before injecting the analyte. The analyte was
introduced in the reaction chamber for about 20 minutes followed by a flow of

clean air for 30 minutes, in order to regenerate the baseline frequency.

Figure 65 shows the raw response of a QCMs biosensor functionalised with
Locusta migratoria OBP1 to different concentration of 2,3-dimethylpyrazine over

the time.
The response of the biosensor, detected as reduction of the resonance

frequency of the quartz microbalance (in hertz) was proportional to the

concentration of the analyte tested.
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Figure 65. Typical response of a QCM-biosensor to different concentrations of analyte
over time.

The developed biosensors were initially tested toward the analyte 2-isobutyl-3-
methoxypyrazine. IBMP is considered to be a good ligand for all the OBPs. In
1982, Pelosi et al. identified for the first time OBPs in the olfactory mucous of
cow for their ability to bind 2-isobutyl-3-methoxypyrazine, the green bell pepper
smell (2). Figure 66 A shows the concentration-response curve of QCMs
functionalised with six different OBPs to IBMP. Figure 66 B displays instead the
reproducibility of the sensor response to the fixed concentration of 92 ppm of
IBMP. Each value is the average of three measurements and the standard
deviation is represented as an error bar. The plotted data represent the
variation in the resonance frequency of the QCMs recorded in presence of the
analyte normalised by the micrograms of protein immobilised on the sensor

surface.
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Figure 66. (A) Concentr ation-response curve of QCM -OBP hiosensor s to increas ed
conce ntrations of IBMP. (B ) Reproducibility of the sensor s to the fixed concentration of
92 ppm of IBMP. n=3.

All  the OBP-biosensors showed a good sensitivity to 2-isobutyl-3-
methoxypyrazine, detecting easily concentrations below 60 ppm. However,
there were no significant differences in the response to IBMP among the tested
OBPs, except for the porcine OBP-C. The dissociation constant for the complex
porcine OBP-IBMP determined by direct titrations was found to be very low, of
the order of micromolar (0.8 uM) (154).

A bare QCM was used as control. The control displayed a response to the
analyte as well, caused by nonspecific adsorptions of the pyrazine on to the

gold surface via the nitrogen atom of the IBMP (347).
Figure 67 shows the response of the OBPs array to increasing concentrations

of 2,3-dimethyl pyrazine. The plotted data were processed as described for the
analyte IBMP.
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Figure 67 . (A) Concentration -response curve of QCM-OBP biosensor s to increas ing
concentrations of 2,3 -dimethylpyrazine. (B ) Detail of the figure (A).

The MUP-biosensor showed the higher response to 2,3-dimethylpyrazine. The
high affinity of the MUP 10 toward this analyte can be explained by the similarity
with mouse pheromone 2,5-dimethylpyrazine. 2,3-dimethylpyrazine is an isomer
of the pheromone (Figure 68), which is released by female mice when they are

kept at high population density (348).
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Figure 68. Graphic representation of the two isomeric forms. On the ri ght, 2,5-
dimethylpyrazine, the m ouse pheromone and on the left 2,3 -dimethylpyraz ine. n=3.

As control, a QCMs functionalised with the bovine B-lactoglobulin was used. (3-
lactoglobulin belongs to the lipocalin family as well. It is present in high
concentration to the cow milk and seems to bind hydrophobic molecules, even if
its physiological roles have not been clarified yet (349). As displayed in Figure
67 B, the response of the B-lactoglobulin-based biosensor was almost

negligible.
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Figure 69 shows the reproducibility of the response of OBP-biosensors toward
2,3-dimethylpyrazine at the fixed concentration of 730 ppm.
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Figure 69. Reproducibility of the response of the QCM -OBP biosensor s to 2,3-
dimethylpyrazine at the fixed concentration of 730 ppm. n=3.

The responses of the biosensor were stable with a high degree of reproducibility
with a low standard deviation.

The concentration-response curve to 2-ethylpyrazine is reported in Figure 70 A.
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Figure 70. (A) Concentration response curve of the QCM-OBP biosensor s to 2-

ethylpyrazine. (B) Reproducibility of the sensor s to the fixed concentration of 800 ppm of
2-ethylpyrazine. n=3.
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The MUP-biosensor showed the higher response among all analytes tested.
Also in this case, the chemical structure of the tested analyte was similar to a
natural compound present in the urine of mature male mice, 4-(ethyl)phenol
(350) .

The concentration-response curves of the biosensors against the ligand 2-
ethylpyrazine seemed to follow a Brunauer-Emmett-Teller (BET) model. The
BET model explains the physical adsorption of gas molecules on a solid
surface, in case of formation of multilayers. Sometimes, when high
concentrations of ligand are used, the analyte adsorbs on the substrate, layer
upon layer, and the surface does not become saturated easily. A plausible
explanation to this behaviour might be caused by the saturation of the binding
site of the OBPs. After reaching the saturation point, any further increase in the
analyte concentration led to nonspecific adsorption of the ligand, generating

multilayers on the sensor surface.

The responses of the biosensor array to geosmin are instead reported in Figure
71.

All the tested OBPs showed a high sensitivity to the analyte with concentration

detected of the order of parts per billion (ppb). The concentration-response
curves followed a BET isotherm also in this case.
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Figure 71 . (A) Concentration -response curves of the QCM-OBP biosensor s to gesomin.
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Increasing the analyte concentration the response of the sensor increased as
well, without reaching the saturation. The explanation hypothesized for 2-

ethylpyrazine can be adopted also for the response to geosmin.

As control, a bare QCM was used. Geosmin did not show any interaction with
the QCMs surface. Figure 71 B shows the reproducibility of the sensor
response to the concentration of 320 ppb of geosmin. The reproducibility of the

signal was good even at such low concentrations.

These results demonstrated that OBPs can be used as the sensitive layer of
mass transducers for the detection of analyte related to the quality of foodstuff
in real-time. OBPs can detect low concentrations of analyte of the order of parts
per billion in vapour phase. The responses of the sensors were fast and
reversible, allowing multiuse applications. Moreover, the use of an array of
biosensors allows to increase the selectivity of the sensor on the basis of the
specific OBPs-ligand affinities. It is remarkable, as the higher responses of the
biosensor were toward compounds with a chemical structure similar to the

natural ligands. Improving the features of the developed biosensor array can
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lead to the realisation of a device able to discriminate and identify single
volatiles released by food.
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3.8 Capacitive biosensor based on interdigitated el ~ ectrodes

The sensing principle of a capacitive sensor relies on changes in the dielectric
properties, charge distribution and/or conductivity generated by the formation of
complexes between bioreceptors and ligands, at the electrode surface.
Capacitive biosensors can be constructed by immobilising a thin layer of
recognition elements, such as proteins, antibodies, DNA, etc. on the electrode.
Moreover, electrodes can be made into an interdigitated pattern in order to
provide a larger sensor area. In this case, the capacitance between the

interdigitated electrodes can be described by using Equation 5:

C = 2ng.g 1 Equation 5

where &, is the dielectric constant of the medium between the plates, £ is the
permittivity of free space, A is the area of the electrodes and d is the distance
between the two electrodes, n being the number of electrodes and the factor 2
in this equation represent each electrode forming the two capacitors.

In this work, interdigitated electrodes realised on flexible substrates were used
as transducers, for developing a biosensor based on the porcine Odorant
Binding Proteins pOBPF88W. pOBPF88W were linked on the gold electrodes

by using self-assembled monolayers of 16-mercaptohexadecanoic acid.

The biosensor was tested by a means of electrical impedance spectroscopy
(EIS) in air, both in absence and in presence of different concentrations of
odorant vapours. EIS is a powerful method for analysing the electrical
impedance of a system, and in particularly to detect any binding events that
happen on the transducer surface (240). In fact, EIS combines the analysis of
the resistive and capacitive properties of the materials in response to the small
amplitude sinusoidal excitation signal (211). Figure 72 shows the Nyquist plot of
an interdigitated electrode functionalised with porcine OBPs. In black is reported

the EIS spectrum of the sensor under constant flow of air (relative humidity
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25%), while in red is displayed the response of the sensor to the vapour of S-(+)
carvone (relative humidity 25%) at the concentration of 28.5 ppm. S-(+) carvone
was chosen as target analyte in these preliminary experiments, since the
porcine OBPs showed a high affinity toward it, as previously assayed. The
impedance was scanned between 10° and 1 hertz, with a polarization potential
of 1V and amplitude of 20 mV. The measurements were performed under
constant flow of humid air at the rate of 180 ml min™. The analyte was injected
in the flow cell, where the biosensor was contained, for a time of 10 minutes.
After that, fresh air was introduced for 10 minutes in the flow cell to remove any
residues of the VOC. The impedance was recorded at the end of each

incubation time.
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Figure 72. Nyquist plots of pOBPF88W- IDE biosensor under exposure at humid air at

RH=25% (black line) and under 28.5 ppm of S-(+) carvone in humid air at RH=25% ( red
line).

The impedimetric semicircle obtained under exposure to S-(+) carvone was

smaller than the curve in humid air.
This effect can be attributed to occur of binding events between porcine OBPs

and the analyte, that may cause conformational changes and/or molecular
rearrangement of the proteins (240).
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The developed biosensor showed a good degree of reversibility. In Figure 73,
Nyquist plots of two consecutive measurements carried out at a fixed analyte
concentration are displayed. The EIS spectrum of the chemical sensor in
presence of the analyte is reported in red. As described before, a reduction in
the impedimetric curve was observed when the EIS was recorded in presence
of the analyte. The impedimetric curve increased again under cleaned air. In the
second analyte exposure, the sensor showed repeatable behaviour, with only
slight differences in the response when compared with the first measurement

cycle.
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Figure 73 . Reversibility. Nyquist plots of p OBPF88W- IDE biosensor of a two cycles of
exposure to the volatile. In red under exposure to 28.5 ppm of S-(+) carvone vapour in
humid air at RH=25% (red line) and i n black under humid air at RH=25% (black line).

The concentration response curve of the pOBPF88W biosensor upon exposure
to different concentrations of S-(+) carvone is displayed in Figure 74.

The analyte was tested in a range of concentrations between 14 and 120 ppm.
On the y-axis of the plot was reported the relative capacitance variation

recorded at the frequency of 100 Hz. The capacitance variation was calculated

by using the Equation 11.
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C-Co_ X 100 (%) Equation 11
Co

Where Cj is the initial value of capacitance of the biosensors and C is the
capacitance measured at different concentrations of analyte. On the x-axis was
instead reported the concentration of the S-(+) carvone expressed as parts per
million (ppm). Each point of the plot is the average value of three independent

measurements. The standard deviations are shown as error bars.
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Figure 74 . Concen tration response curve for pOBP F88W based biosensor upon exposure
to different concentrations of ~ S-(+) carvone (filled stars). The empty stars  are the control,
an uncoated gold IDE. Error bars indicate the reproducibility . n=3.

Higher concentrations of analyte led to a higher response of the sensor, with a
linear relationship. The concentration calibration curve was fitted with a straight
line. The response of the control, an uncoated IDE, was negligible. The
biosensor did not reach a saturation point, a sign of a nonspecific binding
interaction. A hypothetical explanation of such behaviour can be due to the high
concentrations of volatile used, hiding the saturation point.

Figure 75 shows the reproducibility of the signal of the pOBPF88W-IDE
biosensor. In the plot was reported the response of the sensor to random
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concentrations of analyte. At the concentration of 28.5 ppm the variation in
capacitance of the sensor was almost 28%. When the concentration was raised
to 31.5 ppm the response of the sensor was around 66%. When the analyte
concentration was decreased again to 28.5 ppm the variation in capacitance

measured was 25%, which was only 3% less compared to the former

measurement.
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Figure 75. Reproducibility of the pOBPF88W-IDE biosensor. The sensor w as tested at
different concentrations of S-(+) carvone in humid air (RH 25%)

In each measurement of Figure 75, the analyte was in contact with the sensor

for a period of 10 minutes, followed by a cleaning step with air.

We demonstrated that it was possible to use OBPs as the sensitive layer of ID
electrodes in vapour phase. The interaction between proteins and ligands can

be detected with electrochemical transducers in both liquid and vapour phase.

The biosensor response was reversible and repeatable, with a detection limit of
14 ppm. Further studies are required in order to understand better all the
mechanisms that led to the signal generation. These results can be considered
as a preliminary step for investigating the possibility of using OBPs as sensing
layers of electrochemical sensors for vapour phase applications.
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3.9 Conclusions

Odorant Binding Proteins belonging to different species of mammals and
insects were successfully expressed in bacterial system, with good yields. The
recombinant proteins were selected on the basis of their natural ligand affinity,
by using fluorescence binding assays, and used for developing different types

of biosensors.

The proteins were immobilised on the gold surface of chosen transducers by
means of self-assembled monolayers. The covalent immobilisation did not
affect the structure and the activity of the protein, producing a compact insulator
layer on the electrode surface, as demonstrated in electrochemical

experiments.

The developed OBP-based biosensors showed a rapid and reversible response
towards the tested analytes, in both vapour and liquid phases. The biosensors
were label-free, hence they can detect the interaction between proteins and

ligands directly, in absence of auxiliary species.

Impedimetric OBP-biosensors developed on disposable SPEs discriminated
between organic compounds with sensitivity of the order of nanomolar
concentrations. The low voltage supplied to the device and the use of
disposable electrodes, allow the realisation of portable devices for in real-time

monitoring.

IDEs were also employed for developing impedimetric biosensors. The devices
were tested in vapour phase against the ligand S-(+) carvone. OBPs preserved
their binding activity in air and the interaction with the analyte was directly

detected as capacitance variations.

The use of an array of QCMs allowed instead the simultaneous testing of up to
six different OBPs, in vapour phase. The results showed the higher response of
the sensor was against compounds with chemical structure similar to natural
ligands, as in the case of MUPs and 2,3-dimethylpyrazine. The experiments
performed with two Odorant Binding Proteins of the silkmoth Bombyx mori also
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demonstrated the high sensitivity of the system. The OBP-biosensor can detect
few parts per billion of both pheromones, displaying sensing capabilities

comparable to traditional analytical equipment i.e. GC-MS.

Concluding, we successfully combined biological components of the olfactory
system together with simple signal transducers. The developed OBP-
biosensors showed a high sensitivity and selectivity, together with other
important features such as label-free measurements, reusability and real-time
detection. These characteristics are considered essential for developing
merchandisable devices that can find applications in several fields, including

health care, industrial process monitoring and environmental control.
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4 Conclusions and future work

The research findings achieved during the PhD project supported the possibility
of utilising Odorant Binding Proteins for the development of biosensors for both

liquid and vapour applications.

The ability of the OBPs to bind organic compounds with different affinities and in
a reversible way has allowed development of sensitive and reusable devices.
Moreover, the possibility of synthesised OBPs in bacterial systems and in high

guantity reduced the biosensor costs.

Three OBP-based biosensors that rely on different transduction mechanisms
were developed. (I) Quartz crystal microbalances, (ll) screen-printed electrodes
and (llIl) interdigitated electrodes were used for detecting the interaction
between proteins and ligands. The transducers converted the binding events

directly into electric signals, with a label-free approach.

Recombinant Pheromone Binding Proteins (PBP1) and General Odorant
Binding Proteins (GOBP2) of B.mori were used as bio-recognition elements of
quartz crystal microbalances. The developed biosensors were tested against
the vapour of the two main pheromones of the silkmoth, bombykol and
bombykal. In air, the two proteins showed different affinity against the ligands.
PBP1-based biosensors displayed a higher affinity against both bombykol and
bombykal, whereas the responses of GOBP2 were less defined. When both
proteins were tested in fluorescence assays, towards the same ligands, not
substantial difference was found, expect for a slightly preference of the GOBP2
towards the bombykal. PBP1 and GOBP2 bound both bombykol and bombykal
with an extraordinary high affinity, with dissociation constants of the order of 10
8M. The high affinity of the proteins was preserved also in the biosensor
configuration, considering the low vapour pressure of the two pheromones. The
results obtained with the QCM-based biosensors did not agree with data
collected from fluorescence experiments. However, these findings can be
supported by two important physiological features of B.mori. In fact, both
pheromones, bombykol and bombykal, are released by the females of B.mori

163



CHAPTER 4: Conclusions & Future work

and they act on the mate behaviour of males. Moreover, the expression pattern
of PBP1 and GOBP2 is different between males and females of B.mori. GOBP2
is present in the female antennae, while PBP1 is mainly expressed in the
sensilla of males that respond to the female pheromones. The results obtained
from the PBP1 and GOBP2 biosensors seem to comply with the physiological
role that these two proteins can have in semiochemical communication, paving
the way to a new technology for studying the affinity of binding.

An impedimetric biosensor was also developed by using porcine OBPs as
sensitive substrates. The developed sensor was tested in liquid phase against
several organic compounds. The ligands were selected on the basis of the
binding affinity determined in fluorescence binding assays. They included 2-
phenylethanol and the two enantiomeric forms of carvone. Porcine OBPF88W
showed a good affinity of binding against both carvones, with a Kp of 0.500 uM
for the S-(+) carvone and 1.219 uM for the R-(-) form. The 2-phenylethanol was
instead used as a negative control, since the porcine OBPs did not bind it. The
developed impedimetric biosensor detected the direct interaction between
protein and ligand as variation of the capacitance value, without the use of
auxiliary probes. Capacitance changes can be induced by several factors such
as (a) modification of the protein conformation due to the binding of the ligand,
(b) replacement of aqueous solution with less conductive compounds from
inside the binding pocket of the protein, and/or (c) increase of the distance
between the electrical-double layer and the electrode surface in presence of the
analyte. The results obtained from the porcine OBP-biosensor reflected the
affinity of binding of the protein, with a detection limit in the nanomolar range. A
large variation of capacitance was observed when both carvones were tested,
while in presence of the ligand 2-phenylethanol the sensor showed less
substantial response. The calculated Kp for the S-(+) and R-(-) carvone were
0.123 uM and 0.084 uM, respectively (not statistical significant difference).
These values differed from the Kp estimated in the fluorescence experiments.
However, it is import to consider a fundamental difference in these two
methods. The biosensor detected the direct interaction between the protein and
the ligand. In the fluorescence measurements instead, the interaction was

visualised as reduction in the fluorescence intensity emits by a probe, in
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presence of the target analyte. This might explain the lower Ky values found for
the porcine OBP-biosensor compared to the traditional competitive fluorescence
binding assays, being the sensor more sensitive and able to detect lower
concentrations of analyte. However, further investigations are considered
necessary to better understand the mechanisms at the base of the signal

generation.

The impedimetric response of the porcine OBP-biosensor was also investigated
in vapour phase. Interdigitated electrodes (IDEs), developed on flexible
substrates, were used as biosensor transducers. This preliminary study was
carried out for demonstrating the interaction between OBPs and ligands can be
detected also in vapour phase, in a label-free mode. When OBPs bound the
ligand, variations in the capacitive value of the sensor were observed. These
changes were proportional to the analyte concentration and they were probably
caused by rearrangement of the protein conformation to accommodate the
ligand. The response of the sensor was fast, reversible and with a detection

limit of 14 ppm.

Concluding, we demonstrated the possibility to employ OBPs as bio-recognition
elements of different types of transducers. OBPs kept their binding activity in
both liquid and vapour phases and the use of transducers increased the
sensitivity of the system. The developed biosensors can detect the interaction
between protein and ligand directly, without the use of secondary species that
could interfere with the sensor signal. The responses of the sensors were fast

and reversible, allowing to the same device to be reused several times.

The next steps in this research can be addressed to the improvement of the
OBP selectivity and to the development of a reproducible and oriented
immobilisation method. In fact, the affinity of OBPs against target ligand can be
modified by replacing few amino acid residues in the binding pocket of the
protein, in order to suite the sensor requirements. The use of orientated
immobilisation techniques, i.e. histidine tags, can instead contribute to improve
the performance of the sensor, reducing any unspecific interactions that can

affect the protein activity.
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This work is an initial contribution to the research performed on the use of OBPs
as sensing layers of biosensors. At present, the findings in this area are still
sparse. However, the obtained results support and prove possible future
applications of OBP-biosensors in several fields ranging from food industry,
agriculture, environment and national safety. The realisation of low-cost and
portable systems can pave the way to a new generation of devices able to

replace expensive analytical equipment.
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