
Chapter 49
Odorant Binding Proteins as Sensing
Layers for Novel Gas Biosensors:
An Impedance Spectroscopy
Characterization

S. Capone, C. De Pascali, L. Francioso, P. Siciliano, K. C. Persaud
and A. M. Pisanelli

Abstract In this work, an ab-initio study of the electrical response to odorants
of a self-assembled monolayer of a pig OBP immobilized onto a miniaturized
Si-substrate equipped with gold interdigitated electrodes (IDE), was started.
Electrical Impedance Spectroscopy (EIS) was used as electrical characterization
technique and a dedicated experimental set-up was arranged in order to carry out
EIS measurements in controlled environment. The EIS data was fitted by using a
fitting software based on Levenberg–Marquardt (LEVM) algorithm to determine
the equivalent circuit of the system.

49.1 Introduction

In animal olfactory systems, odour sensing is fulfilled in a primary step by Odorant
Binding Proteins (OBPs) and Olfactory Receptors Proteins (ORPs). OBPs are
abundant small soluble extracellular proteins secreted in the nasal mucus of many
animal species and in the sensillar lymph of chemosensory sensilla of insects.
Vertebrate OBPs belong to the lipocalin superfamily. The members of this super-
family have poor sequence similarity but all of them show a conserved folding
pattern, that is an 8-stranded b-barrel flanked by an a-helix at the C-terminal end of
the protein chain. The b-barrel defines a central apolar cavity, called calyx, whose
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role is to bind and transport hydrophobic molecules [1]. The exact role of OBPs in
vertebrates is not yet well defined, but in insects the role is very clear. The OBPs
bind molecules that are transported to the receptors. Here, a OBP releases in a
reversible way the bound odorant molecule to the Olfactory Receptors Proteins
(ORPs), that are heptahelical membrane proteins coupling via G-proteins on to
intracellular transduction cascades. Extensive research in the last two decades have
extended the range of OBPs’ putative function to a wider range of different func-
tions, however, their precise physiological role still remains elusive [2, 3].

Great expectations in gas sensing rise from a novel biomimetic approach that
throws out the innovative idea to use native as well as engineered non-natural bio-
logical molecules, as OBPs or ORPs, as possible active elements in gas sensors of
new generation. A major driving force to study OBPs and ORPs is the idea that such
biological elements are optimized for specific olfactory tasks by evolution and
natural selection. The main natural feature of such proteins, that make them attractive
for biomimetic sensing platforms, is that the binding of the odorant molecule may
induce a small conformational change of the protein. Indeed, the b-barrel of an OBP
encloses a quite stable ligand-binding site composed of both an internal cavity and an
external loop scaffold. It is the diversity of cavity and scaffold that gives rise to a
variety of different binding modes each capable of accomodating ligands of different
size, shape and chemical character. Such binding events might, by itself, cause a
change in the electrical properties of the protein. The possible connections between
binding events and electrical properties changes might build the novel detection
principle of biohybrid sensors of new generation. In this context, the electrical
characterization of OBPs and ORPs in controlled environment is of extreme
importance both from a fundamental and applied point of view.

Recent electrochemical impedance studies of specific ORPs stimulation by
odorants in solution performed in conventional electrochemical cell with a three
electrodes system have been reported [4–6].

In this work, for the first time, we transfer a self-assembled monolayer of a porcine
Odorant Binding protein (pOBP) onto a miniaturized Si-substrate equipped with gold
interdigitated electrodes (IDE) and we characterized it by Electrical Impedance
Spectroscopy (EIS) in air both in absence and in presence of odorant molecules (as
methanol), in order to measure an expected odorant-dependant signal change. EIS is a
powerful method for the analysis of the complex electrical impedance of a system, and
it is particularly suited to the detection of binding events on the transducer surface [7].

49.2 Experimental and Methods

49.2.1 Biomaterials and Chemicals

Porcine odorant binding protein (pOBP) is a monomer of 157 amino acid residues,
purified in abundance from pig nasal mucosa [10]. Recombinant Pig Odorant
Binding Protein (modified in the 2 position with a Cysteine Residue, so that the
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protein could be directly immobilised on a gold electrode surface, courtesy Paolo
Pelosi, University of Pisa) present in pig saliva and belonging to the protein
subclass of chemical communication was considered in this work. Its typical
structure is shown in Fig. 49.1. The Pig OBP was suspended in a working 10 mM
phosphate buffer solution pH 7.4.

49.2.2 Preparation of Au IDE Trasduction Platform
and Pig OBP Immobilization

Miniaturized silicon substrates (1.5 9 1.5 mm sized) equipped with gold inter-
digitated electrodes were prepared using standard photolithography technologies.
Starting from a 300 Si wafer with a 500 nm-thick SiO2 layer, a 20 nm-thick tita-
nium layer and a 200 nm-thick gold top layer were deposited by evaporation under
vacuum. Eleven pairs of fingers spaced 10 lm were prepared in a central area of
440 9 440 lm. The single die was cut and bonded onto a standard TO-39 socket
for electronic components.

A 1 ll aliquot of Pig OBP was placed on a Si substrate functionalized by Au
IDEs, previously cleaned with acetone and isopropilic alcohol, washed in distilled
water and dried in nitrogen. After drying the Pig OBP in air, an self-assembly of
the protein formed. Due to the cysteine substitution of the Pig OBP easy immo-
bilization onto the Au microelectrodes is achieved Fig. 49.2.

Fig. 49.1 Structure of the
Porcine OBP (courtesy
Dr. P. Pelosi, Un. of Pisa)
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49.2.3 Electrical Impedance Spectroscopy Set-up

After immobilization of the Pig OBP layer onto Au IDE transduction microplat-
form, the sample bonded onto TO-39 socket was introduced into a suitable brass
test chamber for Electrical Impedance Spectroscopy (EIS) measurements.
An LCR-meter (mod. HP 4284A) was used for the experiments carried out in a
frequency range of 20–1 MHz with a sinusoidal voltage input at a polarization
potential of 0 V with a frequency modulation of 20 mV. The sample was con-
nected to LCR-meter in 4-terminals configuration (HiPotential-LowPotential,
HiCurrent-LowCurrent) by 1 m long BNC cables. The EIS test chamber was
connected to a gas-mixing bench in order to evaluate the AC characterization of
the Pig OBP in air in controlled conditions (gas flow, relative humidity, odorant
concentration in air). The system allows to get different concentrations of gas
and/or volatiles by suitable dilution of the related analyte flow in reference air
flow. A scheme of the Electrical Impedance Spectroscopy set-up for Pig OBP
electrical characterization is reported in Fig. 49.3.

49.3 Results-EIS Analysis

Impedance measurements on biological system are of fundamental importance to
understand charge transport as well as charge exchange, surface phenomena and
binding events, and diffusion processes. Impedance measurements are made by
applying a small alternating voltage V of known angular frequency x (=2pf, f
frequency) and small amplitude V0 to a system and measuring the amplitude I0 and
phase shift / of the concomitant electrical current that develops across it.
Impedance is usually represented by a phasor, i.e. a vector Z of magnitude Z0 = |Z|

Fig. 49. 2 Deposition and immobilization of OBP onto IDE transducer
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and phase / = arg|Z|. In cartesian coordinates, impedance becomes a complex
number:

ZðxÞ ¼ Z0 � expðjxÞ
¼ Z0 � ðcos /þ j sin /Þ
¼ Rþ jX

ð49:1Þ

The Real (ReZ) and Imaginary (ImZ) parts of Z describe the resistance (R) and
reactance (X) respectively and can be represented by an appropriate electrical
circuit in series. Therefore, the results of an impedance measurement can be
illustrated in two different ways: using a Bode plot which plots log|Z| and U as a
function of log(f), or using a Nyquist plot which plots (-ImZ) versus ReZ.

The analysis of a impedance spectra is often complicated and ardous, since it
consists in building an equivalent circuit model of the measured system and in
determining the parameter values of all the elements of the equivalent circuit, by
non-linear fitting of EIS data.

In this work different samples of the considered Pig OBP were immobilized
onto the Au interdigitated microlectrodes and analysed by EIS. After first drying in
ambient air, each Pig OBP sample was put into the test chamber under a constant
flow of humid air and the impedance spectra acquired stepwise in discrete intervals
in order to study the evolution of the system up to a steady state indispensable to
measure the EIS spectrum.
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Fig. 49.3 Electrical Impedance Spectroscopy set-up for Pig OBP electrical characterization
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In the following we report the results related to a Pig OBP sample for which a
steady state in humid air at RH = 50% was achieved. We exposed the sample to
methanol in low concentration (10 ppm in humid air RH = 50%) by measuring
the impedance curves both in reference humid air (RH = 50%) and in presence of
methanol vapours (Fig. 49.4). As can be observed the impedimetric curve under
exposure to methanol is smaller as compared to the impedimetric curve in humid
air. This effect can be attributed to occurred binding events between the Pig OBP
sample and the analytes molecules, that cause probable conformational changes
and/or molecular rearrangement of the proteins. Experiments tests and data
analysis are in course in order to explain such gas sensing phenomena.

The experimental impedance spectra were best fitted with the equivalent circuit
shown in Fig. 49.4 by making use of a Complex NonLinear Least Squares (CNLS)
method based on a Levenberg–Marquardt (LEVM) algorithm [8] In particular, a
LEVM software developed by Macdonald [9] was used for fitting.

Both the structure as well as the elements of the equivalent circuit are correlated
to different physichemical properties of the biological system under investigation.
Once a good fit with the combination of a representative circuital model and
suitable starting fitting parameter values is achieved, the next step is to explain the
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Fig. 49.4 Nyquist plots for a Pig OBP under exposure in humid air at RH = 50% and under
10 ppm ethanol in humid air at RH = 50%; equivalent circuit and table with fitted circuital
parameters
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obtained fit results in terms of the real components of the system and the phe-
nomena associated with the biological element. Such studies are in progress.

49.4 Conclusions

An ab initio study of electrical impedance spectroscopy (EIS) of a Pig Odorant
Binding Protein exposed to air and target odorant species was started. Only a few
studies regarding EIS on Odorant Binding Proteins (OBPs) and Odorant Receptors
Proteins (ORPs) are reported in the literature and these study the protein only in
solution. This study is, hence, particularly interesting since: (a) it is a fundamental
study of the electrical properties of Odorant Binding Proteins outside their living
ambient, useful to understand the preservation of their functionality, (b) it is an
explorative study to estimate the feasibility of a novel chemosensor based on a
OBP or ORP.

Moreover, a equivalent circuit model was developed and a very good fit for the
impedance spectra were obtained. However, a lot of efforts have to be devoted
both to the definition of a experimental measurement procedure and to understand
the sensing mechanisms by which the odorant molecule interacts with the OBP
layer by using the circuit model obtained by EIS characterization.
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