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This paper presents an advanced voltammetric system to be used as electronic tongue
for liquid and gas analysis. It has been designed to be more flexible and accurate
with respect to other existing and similar systems. It features improved electronics and
additional operative conditions. Among others these include the possibility to optically
excite the solution and to treat the output signal by a differentiation process in order to
better evidence the existence of small details in the response curve. Finally by the same
type of tongue preliminary results are shown dealing with O, and CO» concentration
measurements in appropriate solutions.

Keywords: voltammetry, lock-in, gas sensors, electronic interface, multivariate analysis, multivariate pattern
analysis, oxygen, carbon dioxide

INTRODUCTION

Cyclic voltammetry (CV) is one of the most-important and most-widespread applied
electrochemical techniques (Legin et al., 1997; Tahara and Toko, 2013). This technique has been also
utilized in the design and development of the so-called Electronic Tongue (ET), as multisensory
system for liquids.

An ET can be imagined as an ensemble of chemical sensors able to mainly operate in liquids and
give chemical images of them. As we know the different tastes that humans can detect by the tongue
are five in number and are called as follows: saltines, bitternes, sweetnes, sournes, and umami; for
each of them about 100 receptors are available in humans for redundancy purpose.

The ET has been employed to discriminate mainly chemical species in liquids (Legin et al., 1995,
1997, 1999a; Vlasov et al., 2005) by an array of chemically sensitive devices such as ion-selective
electrodes characterized by different specificity and through a typical statistical analysis such as
Principal Component Analysis(PCA) and Partial least Square(PLS) or specific neural networks
(Krantz-Riilcker et al., 2001; Legin et al., 2004; Rudnitskaya and Legin, 2008). In this case the total
specificity (one sensor for one chemical specie) for each sensor is proved to be not necessary at
all. As a matter of fact, in practice it happens that most of the employed sensors for the matrix are
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characterized by a rater low specificity(each sensor sensitive to
more than one chemical specie). On the other hand it is possible
to develop specific taste sensors (biosensors) (Rudnitskaya et al.,
2008) that only respond to a specific taste type (Vlasov et al.,
2000). It worth pointing out that also for the human tongue,
although characterized by sufficiently well localized taste bio-
receptors, they seem to be non-perfectly specific.

The (ET) looks like an electronic nose (Legin et al., 1999b;
Winquist et al., 2000; Santonico et al., 2013) whose typical
ambient is gaseous in character but at the end also in this case
a compound image is obtained.

Although many papers have been written so far on ET,
technical aspects that are dealing with electronic interface
performance, especially with respect to accuracy and versatility
have not sufficiently been addressed. For this reason we have
oriented the content of this paper toward those technical aspects
that are dealing with electronic interface performance when
the accuracy and versatility are among the most important
parameters to take into account.

Essentially three are the main detection techniques employed
for the liquid investigation when an ET is used: (a) Matrix
ion selective electrodes, (b) Amperometric analysis, and (c)
Voltammetric analysis.

Referring to point (a) we have to consider the use of
multi-metal head as an jons multi-sensors system where
chemical potentials are measured and associated to the chemical
species in solution (Rudnitskaya et al., 2008). In this case
techniques such as the PCA-PLS can be advantageously used
for the determination of the chemical species present in
solution.

Point (b) refers to a technique where red-ox reactions are put
in evidence by the measure of the current once a suitable voltage
is applied to the electrodes.

Among the different possibilities to deal with this problem, we
will confine our attention to the last one, and illustrate the new
voltammetric system.

In particular, we will consider along this paper aspects dealing
with the improved (ET) related to:

(a) small signal detection by very highly selective filters;

(b) low noise amplifiers;

(c) optical systems for the injection of light power in the
proximity of the working electrode;

(d) high input dynamic range(IDR);

(e) improved input flexibility including DC bias and ramp
together;

(f) possibility to zoom inside the IDR;

(g) gas detection in suitable liquids (example with O, and CO,)
(Pennazza et al., 2017; Santonico et al., 2017);

(h) technology for miniaturized electrodes;

(i) differentiation of the output signal for higher resolution
analysis;

Moreover, In this paper we illustrate some advanced features
included in the designed system and comment on the versatility
of the information that can be gained by its applications. The
possibility of measuring different types of gas (O, and CO3)
fluxed through liquids is also shown.

MATERIALS AND METHODS

In this section the designing and development of the last
sensor system here used is presented. The description starts
by the introduction to the sensing system, passing through the
innovative device realized by an advanced cyclic voltammetric
structure. The interface developed for liquid analysis is illustrated
and the sub-section devoted to the electrodes and to the
calibration procedure closes the experimental section.

The Sensing System

The sensing system is based on an electrochemical analytical
technique called cyclic-voltammetry, usually used to study
a compound, a biological material, or an electrode surface.
In voltammetry a time-dependent potential is applied to an
electrochemical cell and the resulting current is measured as a
function of this potential.

The electrochemical cell used in voltammetry is, in most cases,
made of three electrodes, respectively called working (WE),
reference (RE), and counter (CE) electrode (Figure 1). A time-
dependent potential excitation signal is applied between the
working electrode and the reference electrode and the current
that flows between the working and auxiliary electrodes is
measured. Current peaks, observed at specific applied voltages,
are due to specific redox reactions running on the working
electrode surface. Cyclic Voltammetry (CV) consists of cycling
the potential of the reference electrode. The sensing system
essentially consists of the following elements: electrochemical
cell, electronic interface, microcontroller unit, PC for data
analysis.

The signal conditioning stage applies the time-dependent
potential between the working and reference electrodes and

FIGURE 1 | Shows a schematic of a typical ion selective head. Schematic
representation of the electronic tongue head made by 8 different metals as ion
sensors. The reference electrode is in the center. The electronic part is located
at the back.
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converts the current flowing between the working and the
auxiliary electrodes into a voltage signal, then digitally acquired
by the ADC conversion stage (Figure 2).

The Advanced Cyclic Voltammetric

Structure

Figure 3 represents an advanced and rather complete
voltammetric electronic system characterized by high resolution,
operating with three conventional electrodes (WE), (CE), and
(RE).

Vpc represents a bias voltage, Vac represents a very small
amplitude sinusoidal voltage which is added to Vpc and V;
represents both the positive and negative time dependent ramp
function. These three types of signals can be applied one at the

Vin Vou

Electrochemical

Cell

Input Stage Output Stage

FIGURE 2 | Scheme of the signal conditioning circuit stage.

time or coupled to each other in order to give rise to different
analysis methodologies. Finally a lock-in amplifier is used to
measure the output of the trans-impedance low noise amplifier
(A1) The low noise amplifier A, has the duty to inject current
into the solution by the (CW) and to apply, as an example, both a
Vpc voltage to the reference electrode and the ramp voltage V.

The voltage ramp is designed to have a variable slew rate from
0.1 up to 10 mV/s. The system can be programmed through
the microcontroller to infer a zoom action in particular points
of interest, determined by a significant polarization value of the
(RE).

Another important strategy that can be adopted in the system
represented in Figure 3 is the presence of an electronic block (B4)
able to perform the first time derivative of the output voltage.
This is proved to be useful in those cases (complex solutions)
where varieties of red-ox reactions can take place, in order to
better evidence hidden details of the current changes. Block B2
does represent the output of the trans-impedance amplifier Al,
while B1 represents the generator of suitable light pulses.

A further strategy considers the output voltage divided
in many samples (from 500 up to 1,000) according to the
selected division in the time domain. This strategy allows the
transformation of an (ET) in a huge number of equivalent sensors
with the advantage associated to the matrixes methodology.

Electronic Tongue for Liquid Analysis:

Interfaces
It has been demonstrated that the ET is a practical tool for the
investigation of red-ox reaction phenomena in different kind of
liquids.

Here we will enter some details aiming at exploring the
intrinsic mechanisms of the varieties of electronic circuit
behavior in real operative conditions.

Microcontrol

Output Lock-in dV,,/dt
B3 B4
Spectrum
analyzer
||
Voltmeter ]
VOU[
B, l_lR
Light pulse ?
generator
WoNWE|  Re| ek
81 e eww .e e
'~I 4 /2

FIGURE 3 | The advanced voltammetric structure described in this paper.
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FIGURE 5 | Phase implication on the detection procedure. The output can be positive or negative according to the phase difference between signal and reference.
Two are the input signals: V; of which it is desirable to measure the amplitude, and Vy which represents the reference signal.
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FIGURE 6 | This figure shows the intrinsic mechanism of the output filter. The
input signal of frequency fo = wp/21, embedded in noise is translated to a DC
signal with a noise only determined by the low pass filter near the frequency
zero.
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FIGURE 7 | Micro-fabricated electrode (left) and Commercial screen-printed
electrode (right).

Furthermore, we will comment on the main results obtained
so far by this technique, indicating the possible technical
improvements that are necessary to achieve better results in terms
of sensitivity and resolution.

Any time that the design involves processing lines for
small signals analysis, made by amplification steps, filtering,
conversions, all embedded in noise, it is of up most importance a
careful characterization of the source of signals in terms of output
current or voltage.

This is normally done estimating the impedance value,
defining its structure (differential with or without common mode
voltages or currents or unbalanced with respect to a reference
point, etc.) and the signal to noise (S/N) ratio. This would allow
to face the most convenient measurement strategy. In those
cases where the S/N is greater than one, usual techniques of
amplification and filtering can be employed taking care that the
small S/N perturbation should be the main concern. In those case
where the S/N ratio is less than one it is necessary to consider
particular techniques listed below and easy to find in the technical
notes:

(1) Lock-in amplifiers (analog or digital) with only one reference
frequency.

(2) Waveform averagers such as for instance the “box car
integrators.”

(3) Autocorrelators and crosscorrelators.

In this paper only the lock-in amplifier operating with a single
reference signal is taken into a brief consideration, because it is
the most utilized in the sensor context especially when the noise
introduces measurement problems.

The Lock-in amplifier can be seen as a very narrow filter whose
central frequency can be selected according to the operating
frequency of the experiment under test.

It is basically a phase sensitive ac frequency selective voltmeter
that compares the input signal against a reference signal in a
phase sensitive circuit, producing a dc level proportional to the
part of the input signal which is synchronous with the input and
in phase with the reference.

The basic principle of a lock-in amplifier is shown in the
following Figure 4.

The reference signal is the input of a phase shifter which has
the duty to form two output signals able to drive the two gates I}
and I, in order to get the full rectification of the sinusoidal input
signal, as shown in the node Vy. Of course the noise level can be
well above this rectified signal. Only after the low pass filter action
the noise will be reduced leaving the average output value with a
signal to noise ratio larger than one as expected.

Figure 5 shows the paramount importance of having a phase
shifter in the reference block. In fact, only if this phase between
the input signal and the reference one is 0° or 270° we have a
sound meaning of the DC output which reaches the maximum
amplitude.

The output V, of the synchronous detector is given by the
following product:

VR:Vi*Vg

where Vi =V + V,

The low pass filter located at the output of the synchronous
detector will reduce the noise leaving a DC component
representing the average value of the rectified sinusoid.

T

T
Vourpur = %/ (VN + Vg)dt = %/‘ Vsdt + residual.noise
0 0
(1
where T is the averaging time, i.e., the time necessary to perform
the measurement and to reduce the noise.

The higher T the most effective the noise reduction is.

So a longer waiting time results in a more accurate
measurement.

The S/N ratio improvement achievable through the use of a
lock-in amplifier can be expressed by the ratio of the signal to
noise ratio at the output to the signal to noise ratio at the input.

This improvement can also be expressed as the square root
of the signal source bandwidth divided by the equivalent noise
bandwidth of the lock-in amplifier, which is given by 1/4t (v =
RC) in the case of 6 db/octave output filter.
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FIGURE 8 | Main fabrication steps for the microfabricated electrodes.
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FIGURE 9 | Schematic overview of the sampling protocol.

TABLE 1 | Comparison of the two electrode models.

Screen-printed electrodes (SPE)

Interpolating function 2.93.106x% +3.2810~6x + 2.36.10~6

R-square factor 0.9839
Sensitivity function 5.86- 10 %x +3.278.106
LOD (noise current 10 nA) 0.0031 M

Micro-fabricated electrodes (MFE)
9.51-1077x° + 1.13-1075x + 3.54.10~6

Interpolating function

R-square factor 0.9939
Sensitivity function 1.9-1075x +1.13.10°°
LOD (noise current 10 nA) 0.0009 M

So in order to increase the improvement ratio by a factor of
10, it is necessary to increase the output filter time constant by a
factor 100.

It is worth mentioning that a lock-in amplifier can be seen
as a narrow filter whose Q (quality factor of the filter) can be

fo

expressed as Q = Af where fy is the operating frequency and

Afis the bandwidth of the output filter given by Af = ﬁ and
centered in the origin of the frequency axes.

The higher the operating frequency is, the higher both the Q
and the noise rejection are.

In some applications the signal is modulated at a given
frequency so integrated lock-in amplifiers can be advantageously
used to achieve a better S/N ratio. Figure 6 schematically shows
how the lock-in filter works: the equivalent filter is that of a
low pass filter whose width can be reduced increasing the time
constant. So in order to have a high Q filter we have to increase
the measuring time. This means that a trade-off must be reached
between a low signal to noise ratio and the measurement time.

The system has been tasted from the noise point of view,
especially as far as the trans-amplifier (Al) is concerned. It
has been designed and constructed by assembling discrete
bipolar transistors. The measured noise spectral density in the
bandwidth ranging from 1 Hz up to 100 KHz has been as low as
1 nV/(Hz)'/2. This has permitted to reach high resolution values
during the measurements.

Electrodes
The sensing system was tested with two types of electrodes
(reported in Figure 7):

- A Micro-fabricated electrode,
- A commercial screen-printed electrode.

Commercial Screen-Printed Electrodes (SPE)

The system can use commercial screen printed electrodes made
by Dropsens (ref. code 250BT). The working electrode is made of
gold and has a diameter of 4 mm, the counter electrode is made
of platinum, the reference electrode is made of silver and all the
other electric contacts are made of silver.

The supporting material is ceramic and the total thickness of
the electrode is 1 mm. The thickness of the metal material screen-
printed on the electrode is about 1 pm. The surface roughness is
quite high.

Micro-Fabricated Electrodes (MFE)

Micro-fabricated electrodes were designed to improve the
performances of the sensing system. The main aim was to have
a more effective control on the fabrication of the electrodes. In
fact, using a micro-fabrication process it is possible to control the
thickness of each metal layer, the purity of the materials and the
surface roughness.

The electrodes were fabricated in the Else Kooi Laboratory of
the Delft University of Technology.

The metals used in the micro-fabricated electrode are the same
as those of the SPE. Two batches of the MFE were fabricated:
one with a 4 mm-long working electrode (in practice with
geometry and size identical to the SPE type); another with
the same geometry of the SPE, but with a smaller working
electrode diameter, namely 1mm. In the following we will
refer to the first and to the second respectively as MFE-4
and MFE-1.

The fabrication process is schematically illustrated in
Figure 8. The starting substrate is a 4” diameter silicon wafer on
which 300 nm of thermal oxide for substrate isolation is grown
(Figure 8.1). The first metal electrode, the counter electrode,
is formed using a lift-off process (Figures 8.2-8.5). First, a 1.5
pm-thick photoresist layer is spun and pre-baked at 100°C
for 60s. The electrode pattern is then exposed using contact
exposure and developed using MF-300 series developer. After
development, a deep UV post-exposure and an oxygen plasma
flash to clean are performed to condition the photoresist for the
lift-off process and to remove any residue from the surface where
the metal is to be deposited, respectively. Subsequently, a 200
nm-thick platinum layer is deposited by thermal evaporation.
The lift-off (removal of the photoresist and the undesired
platinum) is done in an ultrasonic bath of NMP (N-Methyl-
2-pyrrolidone) at 70°C. The substrate is rinsed in DI water
and dry with a spin dryer to guarantee a clean surface prior
the following second and third metal electrodes deposition and
patterning.

To fabricate the reference electrode (Ag) and working
electrode (Au), a 200 nm-thick layer is evaporated for both
metals. The patterning and lift-off process is performed as
previously described (Figures 8.6-8.13).

Finally a 5pm polyimide layer is deposited by spin
coating (Figure 8.14) and patterned to expose the contact
areas to the solution and to isolate the metal lines. The
polyimide is patterned (Figures 8.15,8.16) using conventional
lithography. The unwanted polyimide layer is etched in
25% TMAH (Tetramethylammonium hydroxide) solution.
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FIGURE 10 | (A) Mean values and standard deviations of the output current peaks registered by the MFE and SPE reported in Table 1; (B) standard deviations of the

Finally, the masking photoresist is stripped in oxygen
plasma and the polyimide is thermally cross-linked in a
vacuum oven at 350°C more details can be found in the
Supplementary Material.

Calibration Procedure

In order to compare different behaviors of the electrodes
described before, a dedicated electronic interface has been
designed, based on a comparator coupled with a trans-impedance
circuit. The system provides signals to an ADC device and the
acquisition board is based on an ATMEL 328 microprocessor

with a 12 bit converter. The input signals are generated by an
internal function generator which can provide different periodic
waves (square, triangular, sine) at different frequencies.

The sensor system has been calibrated via a specific sampling
procedure. In order to reduce the effects of sampling errors an
apparatus composed of a mass flow controller (MFC) with a
minimum dilution of 1:400 was used.

In Figure 9 a schematic drawing of the experimental set-up is
shown.

The MFC was used in the sensor calibration to provide
different concentrations of gases (in this work CO; and O3).
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The output of each MFC device is mixed in order to obtain
different percentage of N as carrier gas and of the target gas (O3,
CO,). Both commercial electrodes and custom micro fabricated
electrodes described before were immersed in a target solution of
4 ml in volume. The solution has to be bubbled with a one of the
gas target for 30s. The high-resolution of the system allowed the

TABLE 2 | SPE vs. MFE1 as CO» and O» sensors.

Commercial Custom Custom electrode
electrode electrode with reduced size
Spr exposed [mm?] 2.67 2.67 0.67
Sag exposed [mm?] 0.83 0.83 0.21
Say exposed [mm2] 12.47 12.47 3.12
Rpt [Q] 1.7 11.35
Rag (€] 0.4 1.85
Rau [Q] 0.6 1.71
Peak Current [uA] About 60 About 60 About 6

analysis of even small charge changes in the solution (Pennazza
etal., 2017).

In particular the tested solutions are: (1) physiological
solution; (2) a mixture of a suitable physiological solution in
distilled water with 1:20 ratio. This ratio has been experimentally
determined in order to give a sufficient conductivity to the
solution.

When the electrodes are immersed into the solution, the
electronic interface activates the electrodes by applying one of
these three wave forms: triangular, sine and square.

The gas targets used for the calibration (O, and CO,) have
been considered with concentration levels in the range of [0-
100%].

RESULTS: PRELIMINARY TESTS ON SPE,
MFE4 AND MFE1

A preliminary set of tests was performed by the different
electrodes in order to verify their affordability and the
correct functionality of the electrochemical working principle.

A PLS Model O2 (solution NaCl 1:20)

120 T
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Predicted Concentration [%]

20 [) 2 ) ) 100 120
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FIGURE 11 | Shows the prediction ability of the calculated PLS-Model. (A,B) PLS-DA model obtained by fingerprinting of SPE (Figure 7 right) and MFE1 (Figure 7
left); (C,D) PLS-DA model obtained by fingerprinting of SPE (Figure 7 right) and MFE1 (Figure 7 left).
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FIGURE 12 | (A) The fingerprints here presented show two important features of the sensor: (1) measurable differences are present for different concentration level of
CO» and different concentration levels of O, ; (2) measurable differences are indeed present for different gases: CO» and Oo, These two aspects account for a useful
intra-gas and inter-gas fingerprint variability, which permits gas identification and calibration. (B) Difference of finger printings among different responses to gas
concentration [COo green panel (above), Oo blue panel (below)].
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TABLE 3 | Comparison table of the proposed gas sensor with some reference standard at the state of the art.

TR250Z Oxygen sensor SST LuminOx

LFO2-A2 Oxygen sensor Device presented in this work

Technology Zirconium dioxide (ZrO»)

Dimensions 89 x 70 x 13mm 20 x 20 x 12.5mm
LOD 0.01% Og 0.01% Og

COy and O, sensitivity Oxygen Oxygen

Power consumption 24 VDC 4.5-5.5VDC

Fluorescence—-based optical technology

Electrochemical

40 x 40 x 18 mm

round 10% for both O» and CO»
BOTH

+1.8 VDC

Electrochemical

20 x 20 x 17.4mm
0.1% Oxygen
Oxygen

0.6 VDC

To this purpose, the electrodes were tested using a high-
end potentiostat by Metrohm, the Autolab PGSTAT302N.
SPE and MFE4 were compared by using a solution of DI
water containing concentrations (0.1, 0.5, 1, 2, 3, 4mM) of
ferrocyanide ions Fe(CN)4-. This kind of ion was chosen
because it produces a reversible redox reaction and it is
widely used in electrochemical experiments. The experiments
were done applying a triangular wave ranging from —0.25
and 0.6V with a scan rate of 0.04 V/s to the reference
electrode.

The output current data have been interpolated by a quadratic
function and the sensor characteristics have been evaluated as
shown below in Table 1.

It is also possible to evaluate the precision of the experimental
data generated with the two types of electrodes. Considering
Figures 10A,B, it is possible to compare standard deviations of
five repeated measurements per concentration for each electrode:
it’s evident that micro-fabricated electrodes produce more precise
measurements with a lower standard deviation error and a higher
current peak mean value.

Thus, it has been demonstrated experimentally that the
micro-fabricated electrodes should allow a slightly lower
LOD (Limit of Detection) also producing more repeatable
measurements.

At this point the effectiveness of MFEs was demonstrated.
Thus, a further cyclic voltammetry experiment was conducted
using a solution of DI water containing a concentration
of 4mM of ferrocyanide ions Fe(CN)4-, in order to verify
MFE1 applicability. The principal electrical and fabrication
parameters calculated for SPE, MFE1, and MFE4 are reported in
Table 2.

Gas sensor calibration has been performed in two steps,
only using MFE-1 because the main interest related to this
technological step was size reduction. In the first step a regression
model has been built for both electrodes. The measurement
sequence was randomized in order to avoid memory
effects.

The best results were evaluated considering the root mean
square error in cross validation (RMSECV) relative to different
responses of sensors to specific wave form signal inputs. A
RMSECYV of about 10% for MFE1 and a RMSECV 9.65% for SPE
were obtained.

For the CO; sensor, the best results were obtained using a sine
wave form as input signal. The same procedure has been adopted
for O, sensor. In Figure 11 the prediction ability of the calculated
PLS-DA model is represented.

Also in this case the best results were evaluated considering the
root mean square error in cross validation (RMSECV) relative to
different responses of sensors to specific wave form signal inputs.
A RMSECV of about 10% for MFE1 and a RMSECV 21.3% for
SPE were obtained.

All the measurements have been executed in triplicate for each
concentration. The best performance of MFE1 has been obtained
by analyzing the multidimensional fingerprinting outputs. In
Figures 12A,B the fingerprints for each concentration of O, and
CO; are reported.

Two different finger printings can be easily observed for
the two gases. This aspect is interesting because, on this
basis, it is possible to characterize a specific gas elaborating
the multidimensional informative content provided by each
fingerprinting. Another advantage could come by adopting a
feature extraction strategy of on the raw data. In particular,
the system provides 500 current values corresponding to the
interaction of the sensor with the solution modified with
gas. By selecting a reduced number of features (less than
500), which is useful for a specific target application, it is
possible to optimize the measurement time, thus reducing
the exposition of the electrode to the gas. This last point
could also improve sensor repeatability, reproducibility and life
time.

It is worth comparing the performance of this prototype gas
sensor with the commercial solution currently available. This
comparison is well illustrated in Table 3.

From this table it is evident that the proposed solution is
competitive in terms of dimensions and power consumption, and
it is interesting its ability of measuring both oxygen and carbon
dioxide. Regarding the Limit of Detection, the results obtained
must be improved.

CONCLUSIONS

In this work we have described a more complete voltammetric
system called electronic tongue for the determination of the
features related to red-ox reaction of analytes in solutions and
compare it with the state of the art (Legin et al., 1995, 1997,
1999a; Arrieta et al., 2004; Vlasov et al., 2005; Rudnitskaya
and Legin, 2008; del Valle, 2012; Tahara and Toko, 2013).
Technical improvements of the system have been illustrated in
order to indicate possible measurement paths allowing better
performances in terms of resolution and flexibility. The main
additional characteristics are: the inclusion of a lock-in amplifier
for the detection of signals when the signal to noise ratio is less
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than one; the presence of bias and sinusoidal input voltages for
the reference electrode polarization; the possibility to divide the
output signal in a high number of parts (till 1,000) in order
to improve the resolution; the possibility to zoom in any point
inside the response curve; the possibility to differentiate the
output voltage in order to evidence details of the response; the
use of light to change the sensitivity of the response (feature not
utilized in this paper); the possibility to increase the input voltage
dynamic range. An electronic chain comprising a spectrum
analyzer has been included in the overall measurement system in
order to evaluate the noise spectral density of the output amplifier
with and without signals. Custom microfabricated electrodes
were designed and realized to improve the performances of the
sensing system.

A complete flow chart of the technological steps for the
fabrication of miniaturized three electrode sensor has also been
developed and reported.

The flexibility of the new ET system related to the utilization
of these new miniaturized electrodes has been confirmed
by showing the system performance/behavior/response in an
application dealing with the detection of O, and CO; into a given
solutions.

REFERENCES

Arrieta, A. A., Apetrei, C., Rodriguez-Méndez, M. L., and De Saja, J. A.
(2004). Voltammetric sensor array based on conducting polymer-modified
electrodes for the discrimination of liquids. Electrochimica Acta 49, 4543-4551.
doi: 10.1016/j.electacta.2004.05.010

del Valle, M. (2012). Sensor arrays and electronic tongue systems. Int. J.
Electrochem. 986025:2012. doi: 10.1155/2012/986025

Krantz-Riilcker, C., Stenberg, M., Winquist, F., and Lundstrom, I. (2001).
Electronic tongues for environmental monitoring based on sensor arrays
and pattern recognition: a review. Analyt. Chim. Acta 426, 217-226.
doi: 10.1016/S0003-2670(00)00873-4

Legin, A. V., Bychkov, E. A,, Seleznev, B. L., and Vlasov, Y. G. (1995). Development
and analytical evaluation of a multisensor system for water quality monitoring.
Sens. Actuat. B Chem. 27, 377-379. doi: 10.1016/0925-4005(94)01621-N

Legin, A., Kirsanov, D., Rudnitskaya, A. Iversen, J. J. L., Seleznev, B,
Esbensen, K. H., ., et al. (2004). Multicomponent analysis of fermentation
growth media using the electronic tongue (ET). Talanta 64, 766-772.
doi: 10.1016/j.talanta.2004.04.001

Legin, A., Rudnitskaya, A., Vlasov, Y., Di Natale, C., Davide, F., and D’Amico, A.
(1997). Tasting of beverages using an electronic tongue. Sens. Actuat. B Chem.
44, 291-296. doi: 10.1016/S0925-4005(97)00167-6

Legin, A., Rudnitskaya, A., Vlasov, Y., Di Natale, C., Mazzone, E., and D’Amico,
A. (1999a). Application of electronic tongue for quantitative analysis of
mineral water and wine. Electroanalysis 11, 814-820. doi: 10.1002/(SICI)1521-
4109(199907)11:10/11<814::AID-ELAN814>3.0.CO;2-7

Legin, A., Smirnova, A., Rudnitskaya, A., Lvova, L., Suglobova, E., and Vlasov,
Y. (1999b). Chemical sensor array for multicomponent analysis of biological
liquids. Analyt. Chim. Acta 385, 131-135. doi: 10.,1016/S0003-2670(98)00690-4

Pennazza, G., Santonico, M., Zompanti, A., Parente, F. R., Ferri, G., and
D’Amico, A. (2017). Design and development of an electronic interface for
gas detection and exhaled breath analysis in liquids. IEEE Sensors J. 18, 31-36.
doi: 10.1109/JSEN.2017.2771565

Rudnitskaya, A., and Legin, A. (2008). Sensor systems, electronic tongues and
electronic noses, for the monitoring of biotechnological processes. J. Indus.
Microbiol. Biotechnol. 35, 443-451. doi: 10.1007/s10295-007-0298-1

AUTHOR CONTRIBUTIONS

GP: manuscript writing, electronic design, data interpretation;
MS: manuscript writing, electronic design, device fabrication;
LV: data analysis, data interpretation, manuscript revision; AZ:
manuscript writing, device fabrication, data acquisition; AS
and NK: device fabrication, data acquisition; IP: data analysis,
manuscript revision; WQ: device fabrication; LS: electronic
design, device fabrication, manuscript writing; AD: manuscript
writing, electronic design, data interpretation.

FUNDING

This work was partially funded by the 2016 FLAG-ERA
project: (Frictionless Energy Efficient Convergent Wearables for
Healthcare and Lifestyle Applications).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2018.00327/full#supplementary-material

Rudnitskaya, A., Legin, A., Seleznev, B. Kirsanov, D., and Vlasov, Y.
(2008). Detection of ultra-low activities of heavy metal ions by an
array of potentiometric chemical sensors. Microchim. Acta 163, 71-80.
doi: 10.1007/s00604-007-0900-2

Santonico, M., Pennazza, G., Grasso, S., D’Amico, A., and Bizzarri, M. (2013).
Design and test of a biosensor-based multisensorial system: a proof of concept
study. Sensors 13, 16625-16640. doi: 10.3390/s131216625

Santonico, M., Pennazza, G., Parente, F. R., Grasso, S., Zompanti, A., Stornelli, V.,
et al. (2017). “A gas sensor device for oxygen and carbon dioxide detection,”
in Multidisciplinary Digital Publishing Institute Proceedings, Vol. 1 (Paris:
Eurosensors 2017), 447.

Tahara, Y., and Toko, K. (2013). Electronic tongues—a review. IEEE Sens. J. 13,
3001-3011. doi: 10.1109/JSEN.2013.2263125

Vlasov, Y. G., Legin, A. V., Rudnitskaya, A. M., D’amico, A., and Di Natale, C.
(2000). «Electronic tongue>>—new analytical tool for liquid analysis on the
basis of non-specific sensors and methods of pattern recognition. Sens. Actuat.
B Chem. 65, 235-236. doi: 10.1016/50925-4005(99)00323-8

Vlasov, Y., Legin, A., Rudnitskaya, A., Di Natale, C., and D’amico, A. (2005).
Nonspecific sensor arrays (“ electronic tongue”) for chemical analysis
of liquids (IUPAC Technical Report). Pure Appl. Chem. 77, 1965-1983.
doi: 10.1351/pac200577111965

Winquist, F., Holmin, S., Krantz-Riilcker, C., Wide, P., and Lundstrém, I
(2000). A hybrid electronic tongue. Analyt. Chim. Acta 406, 147-157.
doi: 10.1016/S0003-2670(99)00767-9

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Pennazza, Santonico, Vollero, Zompanti, Sabatini, Kumar, Pini,
Quiros Solano, Sarro and D’Amico. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

13

August 2018 | Volume 6 | Article 327


https://www.frontiersin.org/articles/10.3389/fchem.2018.00327/full#supplementary-material
https://doi.org/10.1016/j.electacta.2004.05.010
https://doi.org/10.1155/2012/986025
https://doi.org/10.1016/S0003-2670(00)00873-4
https://doi.org/10.1016/0925-4005(94)01621-N
https://doi.org/10.1016/j.talanta.2004.04.001
https://doi.org/10.1016/S0925-4005(97)00167-6
https://doi.org/10.1002/(SICI)1521-4109(199907)11:10/11<814::AID-ELAN814>3.0.CO;2-7
https://doi.org/10.,1016/S0003-2670(98)00690-4
https://doi.org/10.1109/JSEN.2017.2771565
https://doi.org/10.1007/s10295-007-0298-1
https://doi.org/10.1007/s00604-007-0900-2
https://doi.org/10.3390/s131216625
https://doi.org/10.1109/JSEN.2013.2263125
https://doi.org/10.1016/S0925-4005(99)00323-8
https://doi.org/10.1351/pac200577111965
https://doi.org/10.1016/S0003-2670(99)00767-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Advances in the Electronics for Cyclic Voltammetry: the Case of Gas Detection by Using Microfabricated Electrodes
	Introduction
	Materials and Methods
	The Sensing System
	The Advanced Cyclic Voltammetric Structure
	Electronic Tongue for Liquid Analysis: Interfaces
	Electrodes
	Commercial Screen-Printed Electrodes (SPE)
	Micro-Fabricated Electrodes (MFE)

	Calibration Procedure

	Results: Preliminary Tests on SPE, MFE4 and MFE1
	Conclusions
	Author Contributions
	Funding
	Supplementary Material
	References


