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There are a variety of methods to detect odorant molecules, including gas chromatography
(GC) and its related coupled techniques, electronic noses, and olfactory receptor (OR)-based
biosensors. Nevertheless, studies in which cell and cell signaling amplifier systems were
directly utilizied to detect odors are very few. In this review, we aim to provide some references
and suggestions for researchers in related fields by summarizing OR sensors and olfactory
cell signaling cascade amplifier systems. In this paper, we summarize the detection methods
for odorants, introduce the research and progress on OR sensors, and present a proposal of
utilizing cell or tissue signaling cascade amplifier systems to amplify electrochemical signals
and the use of the G protein signaling cascade amplifier system to prepare electrochemical
biosensors. In recent years, the detection technology of electrochemical sensors has matured.
Meanwhile, olfactory sensation within organisms basically transfer nerve signals or metabolic
endocrine signals in the form of electrochemical signals. Therefore, ORs combined with cell
signaling cascade amplifier systems, as well as electrochemical sensors of signal cascade
amplifier systems, have incredible prospects for development and application. The proposal
of OR electrochemical biosensors and their cell signaling cascade amplifier systems, provides
a new idea and a quantitative method for the detection and assessment of odorants and their
physiologic processes in the nervous system.

1. Introduction

Olfactory sense exists widely in nature. Its significance lies in first, the need to process
essential nutrients for survival, second, animals’ needs to satisfy their social attributes—for
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example, a single ant tends to blend itself into an ant colony, and third, the need for reproduction
—for example, a male moth can find a pheromone-releasing female from several miles away.""?)
There are also other needs including avoiding natural enemies; for example, lions and tigers
tend to urinate in their own territories to declare their sovereignty. On the basis of these needs,
every creature uses its inherent talents to the limit, including not only the sense of smell, but
also the senses of hearing, vision, and touch, as well as the magnetic field induction system that
birds rely on for their migration. By making use of their own fortes, different species occupy
different ecological niches. In this way, a natural law of coexisting harmoniously and adapting
to the development of and change in nature is expressed. For determining odorants, through
the efforts of scientists, a large number of detection methods have been developed, including
gas chromatography (GC), gas chromatography-mass spectrometry (GC-MS), the electronic
nose, near-infrared (NIR) spectroscopy and other olfactory receptor (OR)-based biosensors.
However, there are very few studies of electrochemical biosensors in which OR cells are utilized
as their signal amplifier systems. Burgeoning in recent years, electrochemical biosensors show
huge potential in the field of biological molecular detection. This review is a summary of the
achievements in the field of determining odorant molecules in recent years and introduces the
research progress and practical prospects of OR cell electrochemical biosensors and their cell
signal cascade amplifier systems.

2. GCand GC-MS

GC, developed in the 1950s, is a segregation analysis method in which gases are used
as mobile phases. As it has several advantages, such as high efficiency in segregation, fast
analyzing speeds, high sensitivity, and good selectivity, GC has been widely used in many
fields and plays an important role in every aspect of modern society. GC consists of the
following five systems: a gas path system, a sample entry system, a separation system, a
temperature control system, and a detection and recording system, with the separation system
and the detection/recording system being its core. With inert gases being used as mobile
phases, GC makes use of the fact that the distribution coefficients of components in a sample
differ in terms of gas phases and stationary phases. When the sample is brought by a carrier
gas into a chromatographic column, the components undergo repetitive alternating distributions
between two phases (adsorption-desorption). Components in the stationary phase have
different absorbing capacities, so analytes have different speeds when passing through the
chromatographic column. After a certain column length, the components in the sample separate
from each other and enter the detector. After being amplified, the ion current signals produced
by the components will produce a chromatographic peak of each component. In this way,
the goal of separate detection is realized.®™> Despite having an excellent capability to detect
odorants, GC is not an olfactory sensor. In addition, owing to its high price and rather high
demand for skilled experimental operators, GC is mainly used in assessments of complicated
mixtures. In such a background, the electronic nose technology for odorant detection emerged
in a timely manner.
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3. Electronic Noses

The unceasing progress of science and technology has made human beings no longer
satisfied with judging odorant characteristics of things through their own sense of smell—
a rather imprecise method. With the constant deepening of our understanding of the process
of smelling and the continuous development of sensor technology, the time was ripe for the
emergence of electronic nose technology. In the early 1980s, Zaromb and Stetter® took the
lead in exploring array theory of sensors and applied arrays to the detection of inflammable
and poisonous gases. Meanwhile, Persaud and Dodd,” who applied arrays to the analysis of
multiple organic volatile gases, opened the door to the study of electronic noses. Electronic
nose technology is the most commonly used method at present for odorant detection, and is
applicable to gas-sensitive systems for measuring one or many odorants.® Compared with
traditional technologies for analyzing odors, such as GC, mass spectrometry (MS), and flame
ionization detection (FID), the electronic nose has more advantages; it is fast, convenient, and
economical, hence it is widely used in fields such as food, medicine, agriculture, environment
monitoring, and public safety. A typical electronic nose consists mainly of three parts:(9) a
headspace sampler, which introduces the gas from the headspace in a sealed bottle containing a
sample to the host, which contains a sensor array; a gas sensor array, which generates an instant
response to a gas that has an odor in the analytical sample, with the response intensity gradually
becoming stronger and then weaker until it comes to a stable status; a signal processing system,
also known as a pattern recognition system, which preprocess the information acquired by the
gas sensor array, extracts the features of the information, and carries out a variety of statistical
analyses using software. The sensor array and the pattern recognition system are the core
elements that determine the working efficiency of an electronic nose.

According to different working principles, sensors can be classified as piezoelectric sensors,
electrochemical sensors, optical sensors, and thermal sensors, for example. Taking the metal
oxide sensor (MOS) as an example, metal oxides such as SnO,, ZnO, Fe,O3, and WO;3 belong
to n-type semiconductor materials because they have a large number of electron holes on their
sensitive membrane surfaces, that can be restored easily by gases such as Hp, CO, CHy, and
H»,S at temperatures from 300 to 500 °C. When the sensitive membrane acquires electrons,
conductivity changes. For a particular gas, the variation in its electrical conductivity is related
to its concentration. To reduce the working temperature of metal oxide gas sensors and to
increase their sensitivity, precious metals such as platinum, gold, and palladium are often mixed
into metal oxide sensitive materials during their preparation. At present, the technique for
manufacturing MOS sensors has been perfected, resulting in successful commercialization.
MOS sensors have a high reproductivity in terms of their manufacture and high sensitivity.

Electronic noses are widely used in fields such as food analysis, medicine, and environmental
detection. Supriyadi et al. found that electronic noses could detect and distinguish the
different maturation periods of salak.!” They also used a GC-odor detector to determine ten
characteristic components that could influence odors and analyzed maturity-related changes
in components by MS online analytical processing (OLAP) with the use of an electronic nose.
Italian researchers Buratti et al.(!" provided sensory descriptions of wines of different Italian
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brands by combining an electronic nose with a spectrophotometer. They applied a genetic
algorithm to choose variables and established a forecasting regression model.  For the selected
model, they adopted precise validation technology to test the output steps. Clinically, electronic
noses are used to evaluate halitosis.'? They provide useful analytical controls by analyzing the
breath!® exhaled by patients with diabetes, as well as analyzing their urine.!¥ They have an
accuracy as high as 88% in detecting infections of the ear, nose, and throat."® They are also
used to evaluate unpleasant smells on tablets,'®) the renal functions of patients,!”) and the body
odor of mental patients.(lg) Another application of the electronic nose in medicine is to detect
cancer. [talian researchers Bernabei et al. proposed a noninvasive diagnosis of early urethral
carcinoma using electronic noses.!” D’Amico e al?? pointed out that electronic noses could
distinguish benign lesions from melanoma or black cancer; Machado et al®" successfully
diagnosed lung cancer by applying the Cyranose-320 electronic nose. Compared to GC,
electronic noses not only need no complicated pretreatment processes for samples, but also have
several advantages such as requiring small volume, having low cost, and being highly reliable.
However, recognition by electronic noses of odors is still merely the recognition of compounds,
making it different from real olfactory sensation.

4. NIR Spectrum Technology

The NIR spectrum is the electromagnetic spectrum between the visible-light (VIS) region
and the mid-infrared (MIR) region. As defined by the American Society for Testing Materials
(ASTM), NIR is the region between 780 and 2526 nm. It was the first invisible region
discovered in the absorption spectrum. The NIR technique is a method in which chemical
bonds (X—H) that contain hydrogen groups (X—H, with X being C, O, N, or S) are utilized to
stretch out and relax frequencies, resulting in vibration frequencies and combined frequencies.
A stoichiometric multivariate calibration method has been adapted for the analysis of absorption
spectra in the NIR region, that enables the NIR absorption spectrum of the calibrated sample to
be associated with its composition in order to establish a correlation-calibration model to show
the correlation between the calibrated sample's absorption spectrum and its concentration or
its structure. When making a prediction about an unknown sample, the concentration or the
properties of the sample can be quantitatively predicted by applying an established calibration
model to the absorption spectrum of the sample.(22’23) Fourier transform infrared spectroscopy
(FTIR) requires a light splitting device and a means of scanning for the analysis of gases.
FTIR can measure and analyze the concentrations of toxic gases over a wide infrared region.
On one hand, this method has high sensitivity and can realize simultaneous analysis and
measurement of a variety of gases. On the other hand, it requires gas sampling methods, and
the measurement and analysis of gases can only be carried out in a laboratory, so it is impossible
to use FTIR to realize online real-time detection of the gases, for example, on the scene when
a fire breaks out. In recent years, with the development of semiconductor laser devices and the
expansion of research on laser spectroscopy, research on measurement methods based on laser

absorption spectra of NIR semiconductors has attracted great attention in various countries and
fields.(242¢)



Sensors and Materials, Vol. 30, No. 1 (2018) 71

5. Biomimetic Olfactory Sensors

The biological olfactory system can recognize and discriminate thousands of volatile organic
compounds (VOCs) with extremely high sensitivity and specificity. The most fundamental
elements are ORs in the cilia of olfactory sensory neurons (OSNs), and they contribute greatly
to the high-performance olfactory system. The excellent properties of ORs are generally
recognized in the development of biomimetic OR-based biosensors. Over the past two decades,
much work has been done in developing OR-based biosensors because of their promising
potential in many applications. In this section, we will outline the latest advances of some OR-

based biosensors.?”

5.1 Microcantilever biosensor

Microcantilever biosensors (Fig. 1) are a new technology developed from atomic
force microscopes and biosensors. Compared with traditional sensors, microcantilever
biosensors have several advantages including high sensitivity, fast response speed, good
reproducibility, label-free analysis, and real-time monitoring, so they have quickly become a
topic of considerable research interest in the sensors field and thus hold promise for practical

29300 The sizes of

applications. As shown in Fig. 1 (slightly modified from literature).
microcantilevers vary from the millimeter to the nanometer scale. The smaller the size, the
higher the sensitivity of the microcantilever. A micro- to nanoscale size sensor can detect
mass changes from pg to fg, which means a large enhancement compared with the limits of
detection of other kinds of sensors. Kosaka et al.®" realized the detection of cancer markers

in serum using a dynamic mode and achieved a limit of detection of 1 x 107'® g/mL. However,
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Fig. 1  (Color online) Microcantilever biosensor operating modes and principles. Immobilize one end of a
microcantilever and set the other end free. After trimming, the surface on one side of the free end absorbs to-be-
detected molecules, causing a difference between the stresses on the upper surface and the lower surface and thus
leading to a bending deflection of the free end or a change in the oscillation frequency. This change is related to
the mass of the adsorbed molecules to some extent. The optical lever method, piezoelectric method, piezoresistive
method, and capacitance method for example, are often applied to the measurement of such changes.?83%
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owing to the influence of a damping phenomena, it is difficult for a microcantilever biosensor
with a micro to nanoscale size to function stably in a liquid environment. For this reason,
microcantilever biosensors are more typically applied to the detection of gas molecules in air.
Their microstructure has given microcantilever sensors other advantages, such as small volume
and low cost, easy assembly, and portability. As for microcantilevers, the design of their shapes
and sizes, the choice of construction materials, the thickness of their surface sensitive layers,
and the trimming of their sensitive membranes can directly impact the performance of sensors
in detection. In terms of detecting one-component substances, many reports on research on
microcantilever biosensors have appeared.®*% However, at present, the improvement of the
sensitivity of self-controled microcantilever sensors and shortening their response time are still
the main tasks in the future faced by scientists.

5.2 Electroantennography (EAG) techniques for insects

At present, EAG is an electrophysiological method widely used to directly detect insect
responses to chemical signals of volatile substances. The olfactory function of insect antennae
plays a crucial role in positioning their hosts, foraging, searching for mates, and choosing proper
sites to lay eggs.(35’37) Schneider®® was the first to apply EAG to detect antenna responses for
sex pheromones and acquire the cumulative receptor potential of slow gradual changes (namely,
EAG). EAG screens out compounds to which insects have physiological responses from a series
of chemicals. As EAG has greatly reduced the workload, it plays a crucial role in exploring
insect sex pheromones and insect responses to plant volatiles and their perception of plant odors.

Although similar to an EAG response recording device, a single-cell-response recording
device is slightly different in the design of its amplifier. Single-cell responses include AC nerve
impulse responses and DC receptor potentials, whose passbands are different. The passband
of the former is about 40 to 500 Hz and that of the latter is about 0 to 40 Hz. Restelien ez al.®”
used the antenna neuron receptor cells of Myzus persicae (Sulzers) to detect their responses
to germacrene D. As for the trichoid sensillum, which is sensitive to sex pheromones, every
trichoid sensillum usually has several kinds of OR cells, and each kind of OR cell is only
sensitive to one kind of odorous compound, so its sensitivity is high; an amount of an odorous
stimulus as low as 10 *~10 pg can cause an obvious response. Insect antenna cell receptors
have very strong selectivity and specificity for the components of sex pheromones, as well as an
uncommon structure-activity correlation.

The combined technique of electroantennography-single sensillum recording (EAG-SSR)
has been widely used in studies of insect antenna peripheral nervous systems for feeling,
processing and coding the masses, and space-time distributions of volatile odors.*? With the
help of technologies such as electrophysiology, Bau e al.*V studied EAG responses with respect
to changes in the impulse frequencies of sex pheromones, the temperature, and the humidity,
and they also studied the specificity of insect olfactory responses to the impulse frequencies of
sex pheromones. Vickers et al. also conducted research on related aspects. He fixed an antenna
of an insect to the head of another insect. Attached with an electrode, the antenna recorded the
electrophysiologic responses of another insect’s antenna to sex pheromones when it was flying
against the wind in a wind tunnel. Afterwards, he performed SSR to detect whether the insect
was influenced by the space distribution of sex pheromones when it flew in the wind tunnel.*?
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Apart from gas chromatography-single sensillum recording (GC-SSR), GC-EAG has
developed rather rapidly in recent years. One of EAG’s prospects is that it can create practical
value for products. For example, it can provide data guidance for the synthesis of insect
attractants, sex lures, and repellents. At present, EAG has an obvious defect—because it is
limited by its stimulative gas control system, its receptor cannot determine the concentrations
of odor molecules that have reached it. This defect has seriously impaired the accuracy of
experiments.*® In addition, electrophysiological experiments cannot simulate the intensity of
the insect response to odors under natural conditions.

5.3 Biomimetic olfactory sensors based on quartz crystal devices

A quartz crystal microbalance (QCM) is a device for determining the change in pressure
on a crystal surface through the measurement of the change in the resonance frequency of the
surface on the basis of the principle that a subtle change in pressure on a piezoelectric crystal
surface leads to a change in the resonance frequency. Because of this principle, a QCM can be
used to determine the change in the mass of a substance adhered to the surface. Meanwhile, a
QCM has several advantages including high sensitivity, fast response speed, and the capability
of real-time dynamic detection. Therefore, QCMs have been widely used for detecting
interactions between odorant molecules and ORs, as shown in Fig. 2 (slightly modified in
accordance with information in the literature).(44)
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Fig.2  (Color online) Olfactory sensor based on QCM. When particular molecules (such as gases) are absorbed
by a substance (such as an OR) and fixed on its surface, the change in the mass causes a change in the resonance
frequency of the quartz crystal, and the change in the frequency will be proportional to the change in the mass,
namely, AF = KAm. In this formula, AF (Hz) is the change in the QCM frequency, Am (g) is the change in the
mass of the absorptive substance on the surface, K is the correlation coefficient. K = —F/(Arf), where F' (MHz) is
the original frequency of the crystal, 4 (cm?) is the overall surface area of the electrode, r (g/cm?) is the density of
the crystal, and ¢ (cm) is the thickness of the crystal. After a film has formed on the electrode surface of the QCM,
the two changes are still subject to the correlation of AF oc Am, and the correlation coefficient XK is not only decided
by the nature of the quartz crystal but also correlated to the film's characteristics.*> A considerable amount of
literature has been published on this aspect.#4+40)
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5.4 Biomimetic olfactory sensors based on field effect transistors (FETS)

An FET is a commonly used semiconductor amplifier, where the basic principle of operation
is to control the movement of most of the carriers in the device by utilizing the electric field
effect of the semiconductor's surface or interior. Fromherz et al.*”) coupled single neurons
with a bare FET (without a metal grid), used a stereo microscope and a glass micropipette to
absorb cells into the transistor, and inserted the glass microelectrode into the cells to stimulate
the cells and record their intracellular voltage. That study was the earliest one in which an FET
was applied to a cell sensor. Schiitz et al.*® built a biomimetic olfactory sensor (Fig. 3 slightly
modified in accordance with information in the literature) by coupling the antennae of Colorado
potato beetles to FETs through a biological electronic interface. The sensor was used to detect
the damage caused to the plants inside a greenhouse under real conditions. As shown in the
findings, the biomimetic olfactory sensor had a rapid response with a rather large dynamic
range and a low detection limit to cis-3-hexen-1-ol, the volatile gas emitted from the plants after
they had been damaged. This system can reveal whether the damage to a greenhouse, where
1000 plants are growing, is caused by a single mechanical force or by beetles. This kind of
biomimetic olfactory sensor can be used to protect plants by indicating invading pathogens and
can also be used as a quality control tool to protect food in storage.

5.5 Biomimetic olfactory sensors based on microelectrodes

Insect antennae contain olfactory neurons. When an antenna is exposed to gas, the
stimulation of odorant molecules is first received by olfactory neurons and then is transduced
into a string of action potentials travelling along the olfactory neuron axon. The frequencies of
the action potentials produced by the olfactory neurons before and after they receive stimulation
are different: From the resting state before receiving stimulation to the state of excitement after
receiving stimulation, the frequency of the action potentials rises from about 20 pps to about
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Fig. 3 (Color online) Olfactory sensor based on FETs.
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300 pps, and the frequency is related to the gas concentration. The measured frequency of
action potentials reflects the intensity of gas stimulation. Huotari® used microelectrodes to
record the frequencies of the action potential of Calliphora olfactory receptor neurons (ORNs)
in the resting state and in the excited state (Fig. 4) to estimate the concentrations of the gases
acting on the antenna ORNs. As shown in the findings, Calliphora ORNs have rather high
sensitivity and specificity to three odorant molecules, which are 1,4-diaminobutane (1,4-DAB),
1-hexanol (HX), and butanoic acid (BA), but have no sensitivity to other tested odorants. The
minimum concentrations of gases that can transform the action potential of ORNs from the
resting state to the excited state that can be distinguished by the system are 1 nL/L for 1,4-
DAB, 8 uL/L for HX, and 20 pL/L for BA. When the concentration of a gas is higher than a
certain amount, the olfactory neurons stop producing an action potential, which perhaps results
from the adaptation and saturation of the olfactory neurons. As shown in the findings, this
kind of sensor is suitable for the detection of odors and can be used to study the characteristics
of olfactory neuron response to gas stimulation. Shimizu and Stopfer studied the connections
among different ORNs exposed to outside stimulation. The results showed that spiking in one
ORN can inhibit or activate the responses of other ORNs in the same sensillum. Synergy exists
among neurons, which means a single-cell-based microelectrode sensor is unable to show the

real action between cells and 1igands.(50)

5.6 Biomimetic olfactory sensors based on light addressable potentiometric sensors
(LAPSs)

LAPSs commonly comprise semiconductor chips. As established in many studies, LAPSs
can be used to build cell-semiconductor compound systems for monitoring extracellular electric
potentials.®1%? Xu et al.®¥ used LAPSs to monitor single excitable cell membrane electric
potentials without damage. LAPS technology has many advantages. For example, LAPS
surfaces are so smooth that they can measure flowing fluids easily, LAPS manufacture is very
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Fig. 4  Olfactory sensor based on microelectrode. (a) Head of a female blowfly (frontal view) with measurement
microelectrode 1 and reference microelectrode 2 on the surface of the right antenna, amplifier 3, exposure airflow
tube 4, and clean airflow tube 5. (b) Olfactory sensillum and its two sensor cells (A and B), and electrodes as in (a).*”



76 Sensors and Materials, Vol. 30, No. 1 (2018)

simple, LAPSs have a long service life, and LAPSs can be used for addressable measurement
at any location of the chip surface. LAPSs are detectors that utilize the photoconductivity

of semiconductors to measure voltages on surfaces.®?

When an appropriate amount of
light irradiates LAPSs, electron-hole pairs emerge owing to the intrinsic absorption of the
semiconductor. When the semiconductor surface in contact with an insulation layer is in
a state of depletion, under the action of the strong electric field in the depletion region, the
photoinduced electrons and the electron holes, which had entered the depletion region through
diffusion, are separated and then gather on both sides of the depletion region. In this way,
a photovoltage is generated. If the light is a laser beam modulated to a constant state, the
photovoltage is alternating. Afterwards, because of the insulating layer capacitance, an
alternating current passes across the external circuit. When the properties of the light (wavelength
and power), the resistivity of the silicon substrate, the thickness of the silicon wafer, and the
size of the sensor chip are within certain ranges, the size of the photovoltage depends on the
thickness of the depletion layer. The thicker the depletion region, the more photon-generated
carriers it can collect, and the higher the photovoltage. Ideally (regardless of the state of
the interface and the electric charge on the oxide layer), the thickness of the depletion layer
is determined only by the equivalent offset. When the externally impressed bias voltage is
constant, the thickness of the depletion layer is determined only by the extracellular potential
that has been coupled on the depletion layer (Fig. 5). Therefore, the change in the extracellular
potential can be recorded by focusing light spots on the target cells on the LAPS surface and
measuring the local surface potential of the illuminated region.

Apart from these, there are olfactory sensors utilizing technologies such as surface plasmon
resonance (SPR), fluorescence [including fluorescence resonance energy transfer (FRET)],
luminescence, bioluminescence [including bioluminescence resonance energy transfer (BRET)],
chemiluminescence, surface acoustic waves (SAWs) and resonators, on which we will not
go into detail. A comparison of the several kinds of sensors mentioned above confirms that
olfactory sensors, which utilize QCMs or SPR technology, work under the principle that, after

| |
A— .
Illuminant

Laser

Depletion layer

Fig.5  (Color online) Olfactory sensor based on LAPSs and the principle of cell biological sensors that utilize
LAPS technology.
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ORs combine with corresponding odorant molecules, their mass or optical properties change.
Whether the odorant molecules have combined with ORs and how many have combined can
be determined by measuring the extent of the change. As for ligand-receptor interaction in a
“one-to-one” mode, these two technologies have already met the requirements. However, the
OR-odor combination is a “many-to-many” mode, and the information lies more in the neural
electric signals that form after ORs have combined with an odor; this information cannot be
acquired using these two kinds of sensors. As for FET olfactory sensors, when multiple ORs
are fixed to a grid electrode, the change in the electric charge on the grid electrode surface is
the superposition of the electrodischarging effects of all the ORs, so the drain current reflects
the total electrodischarging of all ORs, with no information about the electrodischarging of
a single OR. Microelectrode olfactory sensors also have unique defects. First, it is difficult
for a microelectrode to record the electrical activities of many ORs simultaneously. Usually,
odorant information is coded by a large number of ORs simultaneously. However, under a
microscope, four micropositioning microelectrodes at most can be juxtaposed at the same time,
which means data at four locations can be recorded simultaneously. Second, it is not easy for
a microelectrode olfactory sensor to record for a long time. Because of ground vibrations and
airflow, the recording tip drifts slowly, which leads to inaccuracy in the location if the sensor
has recorded information over a long period. A multielectrode array sensor is an ideal tool, as
it can collect electrical activities of dozens or even hundreds of ORs simultaneously, providing
a large amount of data for studying neural coding. As the cells being detected are attached to
the surface of the electrode coating, there is no problem of a drifting tip. Thus, it is easy for a
multielectrode array sensor to record over a long time. However, as cells do not achieve a one-
to-one correspondence with electrodes, the data on an electrode may be the superposition of
electrical signals of multiple ORs, which causes difficulties in data analysis in the next step.

6. Electrochemical Biosensor

In an electrochemical biosensor, biological molecules or organisms themselves are used as
the molecular recognition element, an electrode as a signal converter, and resistance or current
as the characteristic detection signal. For an organism itself, signal transduction in its activity
is neither an optical nor a sound or vibration wave; it is, after all, electrochemical. Consquently,
the electrochemical biosensor is the closest to the existing natural signal transferring system
in life. Taking the cell as an example, as the smallest unit of life activity, after the effect of
external substances, some of ligand molecules are combined with the receptors on the surface of
cell membranes, which leads to a change in the receptor conformation, and further, to changes
in the chemical substance composition and ion concentration in the cell via the activation of the
transmission paths of several kinds of signals in the cell. Another signal transmitting pathway
is to transport substances into cells via the transport proteins or ion channels that normally
provide the materials and energy for cell metabolism. The communication between cells also
depends on electrochemical actions, such as the transduction between neurotransmitters and
electrical signals during the transduction of signals mediated by neuronals. In short, the various
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processes of life are strongly dependent on electrochemical reactions. Using electrochemical
methods to study the interactions between biomolecules has more advantages and broader
application prospects than any other method.

Compared with other sensors, an electrochemical biosensor can directly transform the
interactions between biomolecules into electric signals. Its advantages include simple
instrumentation, low price, easy operation, quick response, and the capability of directly
acquiring complicated systematic information, all of which make the electrochemical biosensors
a major focus of research in the field of biosensors. In recent years, there has been an increasing

amount of literature in this area.5> %

7. OR Cell Electrochemical Biosensor

Devoted to research on biosensors over the years, our laboratory has made a breakthrough
in research on nanometer sensors. Kang et al®” used thionine-chitosan, the eletronic medium
of cross-linking horseradish peroxidase (HRP), as the cross-linking agent to absorb nanogold
into a glassy carbon electrode and prepared an H,O, biosensor based on the absorption and
fixation of nanogold to HRP. The results showed that the linear range of the biosensor detection
was 1 x 107-1 x 107 mol/L, and the limit of detection was 5.0 x 1078 mol/L. The biosensor
was excellent in terms of service life, stability, reproducibility, and selectivity. On the basis
of this, using chitosan as the cross-linking agent, we adopted nanogold-thionine to absorb the
HRP electrochemical signal amplifier system and used Bacillus cereus monoclonal antibodies
as the biological molecular recognition element. Thus, two-layer nanogold-trimmed Bacillus
cereus electrochemical immunosensors were built. The results indicated that the sensor's
response current and bacterial concentration presented a linear correlation within the range of
5x 10" to 5 x 10* cfu/mL, with a correlation coefficient of 0.9966 and a limit of detection of
10 cfu/mL.©%%Y This has laid a foundation in the realization of the rapid quantification and
online detection of Bacillus cereus.

The significance of this technology lies in the fabrication of a nano-immunosensor for
combination with Balb/c mouse monoclonal antibodies as well as an HRP signal amplifier
system. As a matter of fact, antibodies are immunoglobulin. The interaction between
immunoglobulin and antigen is basically the same as that between a receptor and a ligand. It
is reasonable for us to speculate: now that we can transform the weak interaction between
antibody and antigen to an electrochemical signal, we could also transform the signals between
other receptors and ligands to electrochemical signals so that we can develop electrochemical
receptor sensors. Our team applied this signal amplifier system to studies of electrochemical
gustatory receptor sensors and made some breakthroughs. On one hand, we applied this
amplifier system to studies on mouse GPR70 (T1R1, NCBI Code: AF337040.1) umami
electrochemical biosensors, which means we carried out gene synthesis by the oligo method,
connected GPR70 gene to the eukaryotic expression vector pcDNA3.1 through proteolytic
cleavage, transformed the bacterial strain DH5a to acquire a plasmid vector, used lipidosome
lipofection to transform it to a CHO-K1 cell, cultivated it and made it express the target
protein GPR70. Afterwards, we utilized multiple thiols in the structural domain within the
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receptor cells to connect nanogold-thionine-chitosan, adopted HRP to further amplify the
signals showing the interaction between the extracellular structural domain and the ligands,
and developed a mouse GPR70 electrochemical umami sensor. As demonstrated in practical
testing, this umami receptor sensor can detect sodium glutamate and a variety of tricarboxylic
acid (TCA) metabolic intermediate compounds (5 x 1077 x 107'2 mol/L) and presents a
hyperbolic kinetic equation similar to an enzyme-substrate one. Then we carried out regression
based on the hyperbola with a correlation coefficient of 0.9745. When the concentration of
sodium glutamate was 5 % 107"*-1 x 1072 mol/L, the difference between the concentration
of sodium glutamate and the detected signal showed a linear relationship with a correlation
coefficient of 0.9915; by conducting a regression analysis on the experimental results by the
double reciprocal method, the concentration/activity constant (the ligand concentration at half
the maximum activity) of the receptor-ligand interaction was 1.3164 x 1072 mol/L (unpublished
data). The advantage of this method lies in using immobilized nanogold-HRP to replace the
intracellular signaling pathways and signal amplification system, thus avoiding “crosstalk”
between the complex intracellular signaling pathways. By this method, it is easy to realize high
flux, but there is one obvious disadvantage: the method fails to reflect the interaction among the
receptors on the cell membrane because of fluidity and real biological effects generated from
the “crosstalk” transmitted by cell signals and among a number of signaling pathways in cells.

To detect the real biological effects generated by the interaction between receptors and
ligands more accurately, the methods of detection using nanoreceptor sensors are compared.
Meanwhile, our lab developed electrochemical gustatory biosensors by immobilizing tissues
containing the taste buds of rats. The test results for capsaicin and gingerol indicate that the
sensitivity and dynamic characteristics exhibited by these two sensors are almost identical. 6%
Using these two receptor sensors, we can not only compare the relationship between the
artificial signal amplification system and the cell signal amplification system, but also conduct
a quantitative study of the interactive dynamics and even the structure-activity relationship
between receptors and ligands to achieve the quantitative determination of the gustatory sense
using the currently most mature and common electrochemical sensor.?”)

In the detection of ORs, because of the research in biochemistry and molecular biology
on the transmission of the gustatory signal and its mechanism of action, particularly the need
to take G protein-coupled receptors (GPCRs) as the target of drug screening, researchers
in medical science have conducted extensive studies on the laws of interaction of ORs and
ligands and the laws of their functions in activation/inhibition. Outstanding progress has been
made.®® These techniques are mainly based on the physiological changes in cells caused by
the interaction between GPCRs and ligands, for example, the nerve impulse signals generated
by the impact of physiological changes on the ion channels (chiefly used for olfactory signal
encoding and transmission).®*% Unfortunately, these techniques often apply only to a certain
specific purpose, and these changes are all dependent on the type and physical activity of cells,
the environment of the cells, the interaction between cells, intracellular signaling pathways and
their “crosstalk™, the control and status of various ion channels, and other complex factors, so it
is difficult to realize quantification in a real sense.
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Electrochemical biosensors are different, and the design and detection principle of tissues
or cell receptor sensors are shown in Fig. 6. Detecting molecules of different concentrations is
like inputting a ligand signal X into a sensing system. We can detect the output signal Y of the
system and obtain a functional relationship between Y and X. The signal shows the interaction
between receptors and ligands, the interaction of receptors on the cell membrane, the resulting
intracellular signal amplification and transmission pathways, and the resulting overall biological
effects. Of course, the prerequisite is that there is a clear functional relationship between X
and Y. Obviously, the relationship between X and Y is that between an independent variable
and a dependent variable, that is, an irreversible causal relationship, which certainly does not
exclude positive or negative feedback. Referring to the tissue of the vomeronasal organ of rats,
our lab designed a sandwich-structured electrochemical olfactory sensor to detect the gender
differences between male and female rats and successfully established an action curve between
the concentration of rat urine and the response current. The experimental results indicate
that the olfactory sensors of the vomeronasal organs of male and female rats have different
dynamic curves for their own urine, and are able to differentiate between their own urine and
that of other rats. By adopting liquid chromatography-mass spectrometry (LC-MS) techniques,
the main substances causing the smell of the urine of the rats to be different can be further

Signal mput: X=X .X,.X;...X,... X

Cytokines, chemokines, hormones and electric signals (ion channels)

Output signal: Y=Y .Y,.Y,;...Y,... Y

Fig. 6  (Color online) A schematic diagram of an OR sensor based on cells of a signal amplification system.
Biosensors designed using cells and tissues can receive signal input via the receptors on cells and detect
output signals through the signal analysis system (including electrochemical-signal-measuring electrodes and
immunosensing electrodes). Obviously, by constructing this sensing system and establishing the function of
the input variable (an independent variable) Xi and output variable (a dependent variable) Yi, we can analyze a
large amount of information, including the correlation between input signals and output signals, their functional
relationship, signal amplification characteristics, the cooperativity among different input signals, and the overall
characteristics of signal pathways.
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differentiated, the compounds can be separated from the urine, and the main functions of the
compounds can be further determined using electrochemical olfactory sensors and behavioral
experiments (unpublished data). The sensor can not only be used in olfactory detection, but also
is expected to have very wide application prospects in rodent control and drug screening. Using
calcium imaging, Patterson et al. studied the dynamic relationship between odor, concentration-
specific information, and an odor afterimage. The results showed that the dynamics may help

identify novel odorants in complex environments.¢®

8. G Protein Signaling Cascade Amplification System

The OR is the GPCR expressed on the ORNs of the olfactory epithelium,®” and can
bind with odor molecules selectively to activate intracellular signal transduction pathways to
cause ORNSs to generate action potentials.®® The most sensitive sensor system is definitely
that of insects receiving information from scents in nature, particularly the antenna for sex
pheromones. The antennae of insects can sense the semiochemicals released by like creatures
within a few hundred meters or even over one thousand meters; our existing instruments
cannot realize this level of sensitivity. The antenna sensors of insects depend on the olfaction
GPCRs to be activated. When these receptors receive the semiochemicals, they convey the
information to the G protein by coupling with GPCRs in the cell. The G protein is the most
widespread information amplification device that exists in nature. As a receptor superfamily
composed of thousands of members, GPCRs play a crucial role in substance metabolism, energy
metabolism, and signal exchange between the body and cells through complex intracellular
signaling pathways, so they have always been the focus of attention of scientists.*” Moreover,
GPCRs also carry out “crosstalk” with a number of cellular signaling pathways in performing
its important functions in immunoregulation, cell chemotaxis, autophagy, and the control of
sexual reproduction, for example. Basically, the seeing, hearing, smelling, and tasting abilities
of higher animals, including humans, depend on the transmission function of GPCRs. They
can interact with small molecules, such as nutrient, hormone, neurotransmitter, light, and odor

(70)

molecules,'™ and they are closely related to the activities of human life, making them the

key target for filtering therapeutic drugs against diseases in terms of metabolic and nervous

systerns.(63 7D

In the field of medicine, about 25-50% medicines approved for clinical use
become effective by regulating signal transduction of GPCR.7?

According to studies, all GPCRs have the same seven-transmembrane domain, extracellular
domain, and intracellular domain. Being very conservative, the intracellular domain is mainly
used to activate the G protein signal transmission and amplification system, which constitutes
its functional basis.’® Comparative studies of their extracellular domain prove that they have
great diversity, which is a typical example of Darwin’s positive choice. This diversity leads to
the different ways by which various species obtain nutrition and forms the basis of their survival
and their adaptability to different ecological niches.’*")

The interaction between GPCRs and ligands is very complex and diversified. For example,
in the research on the gustatory sensing of GPCRs, the relationship between TI1R1 and T1R3

and umami sensing proves that monosodium glutamate (MSG), inosine monophosphate
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(IMP), guanosine monophosphate (GMP) and other umami substances are transmitted by the
heterodimer TIRI+TIR3.7¢7® In addition, studies on human and murine transmission of
different amino acid, and on their transient calcium responses and normalized chorda tympani
responses when amino acids go through taste bud cells show that distinct differences exist in
the transmission of “umami” between murines and humans. While murines can transmit the
“umami” of almost all amino acids, humans can only transmit the nerve signals of the “umami”
of glutamic acid and l-aspartic acid sodium salt (Ajinornoto).(79) In addition, Nelson ez al.’®
proved that after the gene of murines is replaced by the human gene for TIR1+3, murines
exhibit the same “umami” transmission spectrum as humans. By expressing the k-opioid
receptor in the taste bud cells of “umami”, Zhao et al"? further proved that this cell obtained
the cell signal ability to transmit opioid substances.

The research on ORs is important in understanding the molecular recognition mechanism
of insect chemical signals. Since the first pheromone was identified in the silkworm Bombyx

mori,(go)

many studies have focused on insect chemical ecology. After several decades of
exploration, researchers discovered that in different species, multiple pathways exist for the
transduction of ORs signals, and these pathways are regulated and controlled by various
ions, amino acids, and small proteins. In vertebrates, the transduction pathway of the cyclic
nucleotide cyclic adenosine monophosphate (cAMP), which functions as a second messenger,
is a major pathway in the transduction of many odor signals. To date, this pathway has been
studied the most thoroughly. The mechanism of this pathway is that the combination of ORs
and odor molecules activates the protein Golf inside the cilia, which in turn activates AC3 and
catalyzes the counterion of adenosine triphosphate (ATP) in cells to cAMP.®D) cAMP opens the
cyclic nucleotide-gated (CNG) ion channel on the cell membrane to guide the inflow of cations
(mainly Ca2+), and then Ca®" opens the CI" pathway, causing the outflow of a large number
of CI" ions to produce action potentials. In addition to the signaling pathways regulated by
cAMP, there are other pathways, such as the transduction pathway of inositol trisphosphate,
that function as the second messenger.®? Further research on GPCRs revealed that the
olfactory transmission depends mainly on the extracellular domain of receptors; inside the
cells, the ways to activate G protein signal amplification and the transduction system, as well
as the transduction of ion channels and nerve signals, are the same. In other words, olfactory
sensing is encoded by the interaction between receptors and ligands and their distribution
and expression on the gustatory tissue.®
generated from the interaction between ORs and ligands (taken from Ref. 84). (a) In insects,
ORN dendrites are encapsulated in sensilla within sensory hairs. Odorant molecules (bound to
odorant-binding proteins) access the dendritic surfaces through pores in sensilla. ORN axons
in the tissue of insect antennae converge through glomeruli and transduce neural signals to
the antennal lobe. (b) ORs in the ORN cell membranes are thought to contain an extracellular
C-terminal region, intracellular N-terminal region, and 7 transmembrane domains. Insect ORs
have been shown to signal with the aid of chaperone receptors that also regulate the level of OR
in the membrane. G-protein-independent ion-channel activity of the chaperone protein (or the
OR:chaperone complex) and G-protein mediate increases in intracellular cAMP. IP3 pathways
in insects are primarily established in the lobster, although they have been suggested for insects

Figure 7 shows the signal transduction process

as well.
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Fig. 7  (Color online) Signal transduction process generated from the interaction between ORs and ligands in
insect olfaction. Abbreviations: ORN, olfactory receptor neuron; OR, olfactory receptor; cAMP, cyclic adenosine
monophosphate; ATP, adenosine triphosphate; GTP, guanosine triphosphate; AC, adenylyl cyclase III; PLCb,
phospholipase ¢ beta; IP3, inositol triphosphate; iCa®", intracellular calcium.

Wicher et al.® showed that odorant stimulation triggers a cyclic nucleotide second
messenger system, but Sato et al. & undertaking similar experiments, came to the opposite
conclusion. Sato et al. did observe cyclic nucleotide sensitivity in some OR-Or83b complexes,
but they were unable to demonstrate odorant dependence despite performing similar
experiments to those of Wicher et al. Obviously, more work is necessary to elucidate the
potential role of second messengers in this system. Both groups do agree, however, in the
major finding that ORs are heteromeric ligand-gated cation channels, implying a distinct
olfactory signal transduction strategy in insects. It will now be important to establish that this
mechanism contributes to odor transduction in insects in vivo.

Under normal circumstances, an extracellular signal-activated receptor can activate multiple
G proteins, which redoubles the signals transmitted inside cells; the time the extracellular
signals bind with the receptors is relatively short, so that it cannot produce sufficient
amplification, while the time of G protein binding with guanosine triphosphate (GTP) and
activation is relatively long, about 10—15 s, so after the separation of the receptors and the
ligands, G protein can still activate relevant enzyme systems; through the activation of the
activity of enzymes in the cascade system and the activity of nonenzymatic proteins, the second
messenger controls the life and activities of cells. One amplification is generated for each
activation of enzymes or linker molecules. The intracellular signal transduction depends on
different series of cascade reactions.®**”) The amount of GPCR expressed on single cells is
very low, and the interaction generated from the binding of receptors and ligands is very weak,
but the weak binding signal can be captured eventually by the electrodes because the binding
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of receptors and ligands activates the amplification process of the intracellular G protein,
causing a series of changes in electrochemical signals. This realized the identification and
detection of gas molecules and also confirmed that the G protein signal amplification system
could be used to sense the signals transmitted by the GPCRs of other species. Jin et al ®®
reported that the immobilized expression on the surface by SPR included b2-adrenoceptor of
human embryoic kidney-293 cells, indicating that the detection of the ligand isoprenaline was
realized. By adding the inhibitor LY29402 of phosphatidylinositol 3-hydroxy kinase (PI3K)
(the second messenger during the signaling process of a G protein), the sensitivity of the sensor
to isoprenaline tripled. This further illustrates that the application of a G protein signaling
cascade in biosensors has very broad prospects, as has been reported by researchers.®” On the
basis of tissue from the taste buds of pigs, Wei et al. in our lab designed a sandwich-structured
electrochemical sensor to test bitterness, and the test results indicated that the signal can be
amplified over ten thousand times (unpublished).

We believe that the use of the G protein amplification system will play an important role in
aspects such as quantitative issues of receptor-ligand interactions, the development of taste and
olfactory sensors, and drug screening.

9. Quantitative Problems of Testing Olfactory Samples

Currently, the commonly used pretreatment method for olfactory samples is to use
specialized air collection devices or to allow the samples to volatilize by dropping them onto
filter paper for testing. Being greatly influenced by external environmental factors, including
gas flow, temperature, and the inherent defects of devices, the quantification of the samples
has been very difficult. Scott et al®? studied the solubility and sorption pattern in olfactory
epithelial responses and found that the retronasal and orthonasal electro-olfactogram (EOG)
response is activated by an odor that mainly dissolves in the mucosal fluids and then is adsorbed
by the olfactory epithelium. Odor information is first represented as a spatial activation
pattern across the olfactory epithelium, when an odor is drawn into the nose by breathing.
This epithelial pattern likely results from both the intrinsic OSN sensitivity and the sorptive
patterns imposed by the interaction of nasal aerodynamics with physiochemical properties of
odorants, although the precise contributions of each are ill-defined. Misawa et al.®") reported
a highly sensitive and selective chemical sensor using living cells (Xenopus laevis oocytes)
within a portable fluidic device. This odorant sensor’s sensitivity was a few parts per billion
in solution and the sensor could simultaneously distinguish different types of chemicals that
have only slight differences in double-bond isomerism or functional groups such as —OH,
—CHO, and —C(=0)-. In addition, they found that the sensor was effective for multiple-target
chemicals and can be integrated with a robotic system without the need for any noise reduction
systems. This means that, before testing, some olfactory substances can be dissolved in water
or organic solvents to clarify the standardized concentration of the samples and to solve the
quantitative problems of odorant detection.
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10. Summary and Outlook

We have reviewed the most recent progress in OR-based biosensors, emphasizing critical
issues related to their development and transduction techniques. Because of their significant
advantages of high sensitivity and specificity, OR-based biosensors hold great potential to be
developed into bioelectronic nose systems for the detection of VOCs in many fields, including
food safety, environmental and industrial monitoring, clinical diagnosis, agricultural disease,
and drug discovery. Thus far, more than 40% of drugs used clinically are the results of GPCR
screening. However, because the structures and functions of GPCRs of different species
tend to be similar and conserved, it is difficult for the drugs screened using GPCRs (such as
cancer drugs and antiparasitics) to have selective killing effects, which severely restricts the
development and screening of new drugs.(63) Studies have revealed that a large difference exists
among the functions of the olfactory GPCRs of different species, for example, the identification
function for sex pheromones of different insects is significantly different. Therefore,
utilizing the functional differences of olfactory GPCRs in drug screening should have very
broad prospects.(92) Because of the important roles olfactory substances play in nature, the
research and development of olfactory sensors using OR cells or tissues as the recognition
element is receiving the attention of more and more researchers.?”) In a number of olfactory
sensors developed on the basis of the changes in light, electricity, heat, and sound®? caused
by interactions between the receptors and ligands, the electrochemical sensors of ORs can
take full advantage of the signaling cascade amplification system of the cells themselves. By
combining electrochemical signal amplification methods using enzymes and nanomaterials,
OR electrochemical sensors enable us directly study interactions between receptors and
ligands of living cells, tissues, and organs, as well as the laws governing the output of the
signals of cell activity through the intracellular signaling cascade amplification system.
This has great significance in the screening of GPCR drugs. In addition, the OR sensor has
extensive application prospects in insect and rodent control (using sex pheromones), and also
has considerable potential for applications in public safety and environmental monitoring.
Moreover, OR-based biosensors also provide a useful platform for basic olfactory research by
enabling the detection of specific interactions between ORs and odorants, such as receptor
deorphanization, antagonism, and olfactory signal decoding.
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