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In the last five years, the development of
sensors based on Extended Gate Field Effect
Transistors has grown by at least 223%. In

AP this article we discuss the concepts involved
A ;.;| ¥ behind the potentiometric response resulting
o §° from the use of EGFETs in recognizing chloride
s /A " : :
g AL and thiocyanate ions. The results are
Eh Y. o/ discussed considering two ways of obtaining
. ;?: ./ A the response: current modulation between
4 ;/. BN source-drain and the variation in threshold
oo g-n < &=8 DL voltage caused by the different concentrations
————— T T of the solutions. The current sensitivity for
V) = chloride was 0.0330 mA%* mol' L and 0.1762

mA°® mol' L for thiocyanate, the linear
response ranged from 1.0 to 1.0x10-° mol L™
for both static and dynamic setups with R? of
0.9952 and 0.9992. The voltage sensitivity
was 47.4 mV dec' and 52.96 mV dec with R? of 0.9999 for chloride. For the thiocyanate detection, the
linear range from 1.0 to 1.0x10° mol L-" with 58.88 mV dec™ and 137.06 mV dec™ to voltage sensitivity, with
R? of 0.9862. The voltage sensitivity obtained with the plug injection system was 170.78 mV dec™ ranging
from 1.0 mol L" to 1.0x10* mol L', with a R? of 0.9436. From our knowledge, this is the first demonstration
of integration of EGFETs to a 3D-printed microfluidic device in recognizing chloride and thiocyanate ions.
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INTRODUCTION

Sensors that use field effect transistors with the extended gate (EGFETs) have gained special attention
in the manufacture of detection systems. They are easy to handle and can be used for a wide range of
applications due to the easiness of coupling sensitive membranes and their high sensitivity."* According
to a survey in the Science Direct platform, the number of publications related to EGFETs has grown by at
least 223% in the last five years.

Field-effect transistors (FET) based sensors, such as EGFETs, work by modulating the number of
charge carriers in a channel formed in a semiconductor material by means of an external electric field.* A
metal-oxide-semiconductor (MOS) FET is made by depositing layers of an insulator oxide and a conductive
material, to make the electrical contacts, over an intrinsic semiconductor.” In this way, three interfaces
are formed, namely metal-oxide, oxide-semiconductor and semiconductor-metal. The structure of a FET
consists of terminals called substrate, source, drain and gate.”

Inan EGFET, the gate terminal is extended to the testing solution by attaching an electrode modified with
a material sensitive to a chemical species. The electrical potential developed at the electrode is transferred
to the gate terminal that modulated the conductive of the channel formed between the source and drain,
at the oxide-semiconductor interface. The indicator electrode is electrically charged by the accumulation
of species on its surface, which induces a flow of opposing charges at the oxide-semiconductor interface,
between the source and the drain.*%7° The insulating oxide mediates the charges that are polarized during
the operation of the device, causing the current between the drain and source terminals to be controlled by
the variation in the electrical potential onto the gate terminal, characterizing the field effect.'-'3

So, in FET sensors one obtains a typically potentiometric response, and the current between indicator
and reference electrode is negligible.” One fact that draws attention to the use of potentiometric methods
is that they can be used in the most varied types of ionic detection and, as a result, they have a wide
laboratory scope. One inherent disadvantage of potentiometry is its low sensitivity compared to other
electrochemical techniques. Also, depending on the selectivity of the sensing membrane, the sensor can
be responsible to other species in the sample, demanding, for example, an additional separation step to
remove interfering ions.'* "5 The use of FETs for potentiometric sensors is useful for expanding the sensitivity
range of sensors since they are able to work with small input signals due to their signal amplifying function.
Potentiometric configurations using EGFETs integrated into microfluidic chips have been reported in the
literature and allow for low consumption of reagents and samples, with a simplified recognition process
and the possibility of automation for application in remote locations.'®"” In this study, we used the operating
principle of EGFETs to develop a sensor for measuring the concentration of chloride and thiocyanate in
various media, as a proof-of-concept research. In addition, we have manufactured a bench measurement
system in order to reduce the costs of using equipment such as semiconductor parameter analyzers, and
to contribute to the technology of use of EGFETSs in point-of-care devices.

As far as we know, EGFETs have not yet been tested in chloride and thiocyanate detection systems.
Mostly, they have been applied to detecting the hydrogen potential (pH) of different samples with the
manufacture of new H* proton recognition membranes. 8-

Abnormal levels of chloride are responsible for causing damage to the skin, respiratory and nervous
systems, as well as the occurrence of other diseases, since this halide acts in the body’s functional
activities, maintaining the electrochemical neutrality of extracellular fluids.?® Research has shown that high
chloride levels are also responsible for diseases such as cystic fibrosis and renal tubular disorders,?3°
among others. In water, chloride excess is also responsible for altering test performance in the laboratory,
such as in catalysis, capacitance measurement techniques and spectroscopy.?' Therefore, chloride
ion measurements are extremely important in various areas of economic, social and environmental
development.

The thiocyanate ion (SCN") is a pseudo-halide formed mainly by the reaction between cyanide and
thiosulphate.®?2 |t is used in agricultural, food and industrial procedures.**3% Waste containing this species
when disposed of near rivers and lakes can alter the aqueous pH and the concentration of cyanides in
the water due to radiation and chlorination. Released into the atmosphere through car exhaust or as a
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by-product of cigarette smoke, thiocyanate can cause serious environmental problems and pose risks to
human health.?¢3" In the human body, excess of SCN-can inhibit the use of iodine by the endocrine gland,
causing alterations in thyroid hormones and triggering or fueling problems such as thyroid disease.®?°
Once iodine transport is altered in the glands, there can be an increase in the size of the thyroid causing
goiters, there can also be neurological consequences in developing fetuses, an increased risk of triggering
cancers, cardiovascular problems, altered protein dialysis, respiratory and inflammatory diseases, psychotic
symptoms, abdominal pain, kidney problems, hyperreflexia, muscle weakness, delirium, convulsions,
among other factors that can lead to coma and death.%6:3843

In this research, we built electrochemical cell systems using commercial MOSFETs, as many studies
in the literature have done,*-*¢ and we discuss the concepts involved behind the potentiometric response
resulting from the use of EGFETs in recognizing chloride and thiocyanate ions using simple metallic
indicator electrode, without making new recognition membranes.

MATERIALS AND METHODS
Reagents

All reagents were of analytical grade and were used as received, except when otherwise indicated.
Potassium chloride (KCI), Sodium nitrate (NaNO,), Sodium chloride (NaCl) were purchased from Synth
(Diadema, SP, Brazil) and Potassium thiocyanate (KSCN) from Sigma-Aldrich (Darmstadt, Germany).
Clear acrylic resin of curing wavelength 405 nm was purchased from Anycubic (Anycubic, Hong Kong,
China) and synthetic urine, saliva, and sweat were purchased from BioChemazone (Leduc, AB, Canada).
The solutions were prepared in deionized water (DI) with resistivity of 18.2 MQ cm at 25 °C, in 0.5 mol L’
NaNO3, and in synthetic urine, saliva, and sweat.

3D-printed device

Microfluidic devices were prepared using a Phrozen Sonic Mini 8K 3D printer (Phrozen Technology,
Taiwan, China). The software used to create the 3D object was Fusion 360 Autodesk (San Rafael, CA,
USA). The software used to slice the object was Chitubox version 1.8. The device was a single-channel
structure with inlet and outlet reservoirs, as shown in Figure 1, which allowed for efficient tubing connection.

The microchip device of Figure 1 was 60 mm long, 20 mm wide and 2.1 mm thick. There was only
one flow channel projected onto the chip, designed as 0.200 mm deep and 0.100 mm wide. There were
circular reservoirs at each end of the channel with a diameter of 3 mm and a depth of 0.200 mm. Along
the fluid channel there were two holes with 1.20 mm in diameter and 0.200 mm in depth, used as ports for
the working and reference electrodes, 7.88 mm apart. The channel was sealed by a 0.100 mm thick layer.

Once printed, the device was finalized by connecting 4 mm diameter, 170 mm long Tygon® tubes. A
0.60 mm diameter needle was used to attach the Tygon® tube to a syringe pump. Finally, the reference and
indicator electrodes were carefully attached to the device and glued with the same photocurable resin used
in the 3D printing. The reference electrode was a lab-made Ag/AgCl electrode in 3.0 mol L' KCI solution.
The indicator electrode was a 100 mm x 0.100 mm rectangular piece of silver sheet where an AgCI film
was electrochemically deposited. The reference electrode was characterized by cyclic voltammetry and
potentiometric response over different time spans. The characterization results were compared to those of
a commercial reference electrode.
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20

Figure 1. Microfluidic device manufactured by digital light processing. (a) CAD
drawing of the device using Fusion 360, showing the projected dimensions of
the reservoirs, flow channels, electrode port, width and length of the device in
the front (I) and side (Il) views. (b) Rendered draw of the device, highlighting
the design of the (I) electrode port, (ll) the outlet reservoir, and (lll) a whole
view of the microfluidic device.

EGFET and measurements

A commercial MOSFET model 2N4351 (Motorola, Chicago, IL, USA) NMOS was used in this research.
8.2 KQ resistors were also obtained commercially. Equipment such as voltage sources (Minipa MPL
3303M, Shanghai, China), a syringe pump (Harvard Apparatus, Holliston, MA, USA ), an Analogue - Digital
Interface Module (National Instruments NI USB 6341, Budapest, Hungary), a Semiconductor Characterizing
System (KI 4200 MPSMU, Keithley, Cleveland, OH,USA), a modulator, a metal box, copper/phenolite
board, copper wire and electrical interconnectors were also used to carry out the measurements. The
instrumental setups used in this research can be viewed in Figure 2.

‘ Static measurement ‘ ‘ Flow measurement ‘

Figure 2. Static measurement and flow measurement setups.
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The static measurement system of Figure 2 consisted of a reference and indicator electrodes immersed
in a 10 mL beaker containing the analyte solution. For the flow measurements of Figure 2, the reference
and indicator electrodes were positioned in pre-designed holes in the microfluidic chip, as described in
Figure 1. A syringe pump was used to control the flow in the microfluidic channel. In both systems of
Figure 2, the reference electrode was connected directly to a source-measure unit (SMU) to receive the
signals from the Parameter Analyzer (Kl 4200 MPSMU, Keithley). The indicator electrode was connected
to the gate terminal of the Motorola model 2N4351 commercial NMOS MOSFET and also connected to
the electrical unit for contact with the Keithley. A computer integrated into the Keithley allowed access and
storage of the data generated during the measurements.

With the systems in Figure 2, curves of drain-source current (I ;) versus drain-source voltage (V) as a
function of sample concentration and gate-source voltage (V) were obtained. First, we used the data to
extract the slopes and the error to check the best operating region for the system. Next, two different types
of electrical measurements were made, under three different conditions for each sample: (1) measurement
with fixed V¢ and V¢ and measurement of the threshold voltage (V,) with the indicator and reference
electrodes immersed in a beaker containing 5 mL of sample solution. The data from this measurement is
referred throughout the text as static measurements (SM). The V¢ quoted in the measurements with fixed
V refers to the potential applied to the reference electrode in relation to the ground (0 V); (2) the same
procedure as for measurement 1 with the electrodes in the channel of the fabricated microchip at a constant
flow of 500 uL min"' by using a syringe pump. These measurements are referred to flow measurements
(FM); (3) the same procedure as for measurement 2 but with the syringe pump uninterruptedly injecting
the blank solution (electrolyte in which the solutions were prepared) while the different concentrations of
the analyte (1.0 mol L' to 1.0x10¢ mol L") were plug injected every minute. Throughout the text, we refer
to these measurements as plug injection (PIn). For the last measurement test we used a lab-made setup
developed for this purpose.

RESULTS AND DISCUSSION

In the instrumentation for EGFETSs, the control electrode, commonly known as the reference electrode,
does not act exactly as a reference electrode as we know it in electrochemical methods.*® A voltage is
applied to it, which is communicated capacitively via interfacial electrical double layers to the indicator
electrode connected to the gate of the commercial MOSFET, causing the device to have enough charge to
leave the inertial state. Another power supply is responsible for applying a voltage to the drain/source. In
this configuration, the drain to source current (I;) can be modulated by the gate-to-source voltage (V).
Since the gate is opened and in contact with the sample solution, its potential is intimately related to the
interaction with ion species at the electrode surface.*

A FET has three operating regions: cut-off, triode and saturation. The cut-off region corresponds to the
moment when there is no induced channel and the voltage between the gate and source is lower than the
voltage required for the device to operate, which is why the device is switched off (V, < V.). To reach the
operating region, the sensor must have a voltage above the threshold voltage.*

In the triode region (V¢ <V, — V) there is already current flowing in the sensor and the variation in
V¢ contributes to the magnitude of the current generated. In the saturation region, the drain current is now
relatively independent of the drain-source voltage variation and is controlled only by the gate voltage. This
means that at values of V¢ greater than saturation, the current does not vary and it is possible to clearly
distinguish the difference between the currents generated by each potential applied to the gate alone.*

When we look at the behavior of the slopes for each value of V¢ and V., we see thatat V3 V we
have the lowest slope value (red bars) and also the lowest error in the measurements for any value of V¢
(Figure 3). This is not the case with the following V  (from 4 to 10), where there is a variation in the slope
values as the V  increases and at V¢ between 5, 6 and 7 V. The increased error bars for higher values
of V¢ were also evident in Figure 3.
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Figure 3. Slopes of measurements in chloride prepared in water
using 5.5 mL of sample (1 in a static test with variable voltages
between 2 and 10 V applied to the gate terminal, drain and
source terminals using a Keithley Parameter Analyzer.

In addition to the slope and error values, when choosing the V, and V¢ values we considered the
potential to V  and V that would satisfy the MOSFET equation for the MOS saturation region (Vo 2V -
V.), where the drain/source voltage is greater than the gate/source voltage and the device’s turn-on voltage.
In addition, we also consider the values of voltage that would increase the useful life of the transistor. The
best values for this would be V. 3 and V. 5 V. So, we decided to carry out the measurements at V
3.5V and V_ 5 V. Given these results, we were able to assign a standard V¢ and V_ value for all the
measurements.

The action of the indicator electrode is the same as that often discussed in the literature for Ag/AgCI
electrodes but with the EGFETSs, the indicator electrode in direct contact with the solution contributes to
the formation of a double layer at the solution interface, so that the interaction of charges at the FET gate
causes changes in the conductivity of the device’s source-drain channel.*®*' The characteristic | -V ¢ curves
measured at various chloride concentrations in water, with the V ¢ set at 3.5V, are shown in Figure 4.

From Figures 4a and 4b, it is clear that in the saturation region (V¢ 1-6 V), the concentration of chloride
modulates the magnitude of the source-drain current. This is because a change in the concentration of the
solution alters the equilibrium state between the metal and the oxide in the FET, which results in a change
in the electrical properties and in the surface potential.*®52

In Figures 4c and 4d, the slope of the linear curve ata V¢ of 3.5V and V¢ of 5 V was used to obtain
the sensitivity in drain-source current. Regardless of whether the measurement was static or in flow,
we observed that the higher the concentration of chloride, smaller was the |,s- Under these conditions,
l,s increases with increasing gate voltage, indicating that the EGFET exhibited excellent gate control
performance.*5"535% The response sensitivity in static condition was 0.0266 mA®® mol' L, while in flow
condition it was 0.0234 mA?%® mol' L. The linearities (R?) were 0.9952 and 0.9423 respectively with a linear
range of 1.0 mol L' to 1.0x10® mol L™ for the static test and from 1.0 mol L' to 1.0x10* mol L' for the flow
setup.
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Figure 4. | -V . curves at different concentrations of chloride solutions in water under
static (a) and flow (b) conditions. Average |, obtained at V¢, 3.0 V and V_, 5.0 V for
different chloride concentrations static (c) and flow (d) conditions.

Transfer characteristic curves (I

V

DS~ GS)

are generally used to investigate the response of EGFET to
analytes.®" ** They are carried out since the threshold voltage (V;) cannot be measured directly, but is
derived from the measurement of other parameters such as V.. V. is used to control the on-off state of
the FETs but can also be used to establish a calibration of the sensor. The characteristic | .-V curves

measured at various chloride concentrations are shown in Figure 5.
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The curves in Figures 5a and 5b decrease with increasing concentrations (1-10“ mol L"), showing a
lower V, as the concentration of the solution decreases. This shift in the curve is explained by the binding
of negatively charged chloride on the surface of the extended gate. This results in a potential change on the
surface of the extended gate and therefore causes a variation in the overall threshold voltage,® resulting in
a decrease of the conductivity of the FET channel and, consequently, a a variation in | .%® Figures 5a and
5b show that as the concentration of the analyte decreases, the change in transconductance to a more
positive value causes a gradual change in the | .-V, curves. Threshold voltage sensitivity can be obtained
by observing the change in gate opening voltage as the chloride concentration decreases.

Figures 5¢ and 5d show that the high concentration of chloride in the solution means that more ions can
be adsorbed on the EGFET gate. For the experiments discussed in these figures, we achieved a linear
range of 1.0 mol L' to 1.0x10* mol L™ for the static measurements and 1.0 mol L to 1.0x10* mol L' for
the flow measurements. The voltage sensitivities were 36.91 mV dec™ and 46.11 mV dec™ for static and
flow measurement with R? 0.9535 and 0.9999, respectively.

By decreasing the concentration of the solution there will be a point at which the response will be
permanent, regardless of the concentration, or what we call an inversion can occur, which is due to the
more effective positive charges on the surface, causing the voltage to behave in the opposite way to that
shown in the graph in Figures 5c and 5d.%” Table | summarizes the results for all the measures in the
different matrices.
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Table I. Comparison of the different current and voltage responses obtained for the samples

Sample medium Sensitivity Sensitivity

; - Linearity LOD Linear range
and type of in current in voltage (R?) (mol L) (mol L)
measurement (mA®® mol' L) (mV dec™)
SM 0.0266 36.91 ¥0699955325 103 1-10°3
H,O
FM 0.0234 46.11 ¥069949293;) 10+ 1-10+
0.9908 105 1-10°
SM 0.0250 52.96 ¥0.9998 ¥10°3 1-10°
NaNO,
FM 0.0181 29.87 ¥00'87704724 102 1-102
0.7855 1073 1-103
SM 0.0048 15.58 ¥0.9364 02 1-102
Urine
FM 0.0330 7.13 ¥00'87254871 10 1-10%
0.9487
Dilute SM 0.0275 38 ¥0 8895 4 1-4
urine* 0.8611
FM 0.4759 47.4 ¥4 000 g ]g

*The linear range for urine corresponds to number of sample dilutions, rather than concentration in mol L.
¥ Data for sensitivity in voltage.

Our voltage sensitivity values were higher than those of other studies already described in the literature,
with much greater measurement linearity for the range investigated.® This is due to the excellent action of
the Ag/AgCl indicator electrode in interacting with the species in the solution.

The experimental results showed that the sensitivity to the I ¢ current of the sensor for samples in water
regardless of the type of measurement, the sensitivity values are comparable. In this case, the flow system
is preferable, as it allows the measurement to be automated and reduces the possibility of human error.

The voltage sensitivity showed that for the water and diluted urine samples the voltage sensitivity
was approximately 10 mV dec™ higher than those of other studies already described in the literature.%®
Whereas, for the NaNO3 matrix and urine, the sensitivity was half the value under dynamic conditions
when compared to static conditions. Because of these situations it is more common in the literature to find
measurements of variation in | ¢ rather than V_, as more consistent values are obtained.

We also carried out detection of SCN- prepared in synthetic biological matrices in order to compare the
results of the system in these types of samples and in the detection of this ion.
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Figure 6. | .-V curves for different concentrations of thiocyanate solutions in water.
l,s~Vys curve for SM (a) and FM (b). Average current sensitivity in chloride solution
prepared in water SM (c) Average sensitivity current sensitivity in the FM (d).

In Figure 6, there is a linear relationship between the | ¢ currents for all sample concentrations. In this
test, the sensitivity of the response under static conditions was 0.0380 mA%® mol' L, while under dynamic
conditions it was 0.1228 mA°® mol' L. The linearities of the measurements were R?0.9998 and 0.9992,
respectively, with a linear range of 1 mol L' to 10* mol L' for the static tests and 1 mol L" to 10 mol L™
for the flow tests.

Transfer characteristic curves (I .-V ,) were also carried out to investigate the response of EGFET to
SCN-.
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Figure 7. | .-V curves for different concentrations of thiocyanate in water. Transconductance of SM
tests (a) and FM (b), Current sensitivity for samples in the static test (c) and flow measurement (d).

As with the chloride tests, the curves in Figures 7a and 7b decreases as the concentrations increased
(102 — 1 mol L"). As the thiocyanate ion also has a negative charge, the same situation occurs as with
chloride.

For the test with these samples, we obtained a linear range of 1 mol L' to 10 mol L' for the static test,
as shown in Figure 7c. And a linear range of 1 mol L' to 102 mol L for the dynamic test, as shown in
Figure 7d. The voltage sensitivity was 59.24 mV dec™ for the static measurement and 137.06 mV dec™ for
the dynamic measurement, with R 0.9862 and 0.9567, respectively.

The 1.~V test showed that there are also contributions from other factors that influence the gate
potential than just those related to the change in solution concentration. It is therefore important to carry
out both measurement modes to eliminate possible problems. Errors can be more easily detected using
current measurements (for example, poor wire connections and MOS burnout), since the data show
faults like these more clearly. In the transconductance measurement, even if the Parameter Analyzer is
configured to extract V_ directly, it is very important to plot a graph with the GM values obtained, observing
whether any other events may be minimally influencing the sensor’s final response to the measurements.

In the experiments with KSCN prepared in other matrices, the current and voltage behavior is shown
in Table II.
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Table Il. Behavior of the different concentrations of KSCN solution prepared in DI water, saliva,
sweat and urine when using 5 mL of sample in SM and 500 uL min' in FM

Sample medium Sensitivity Sensitivity . . .
and type of in current in voltage L"}:i;lty (mchEﬂ L"(';agl rf_ :\)ge
measurement (mA®® mol' L) (mV dec™)
SM 0.0380 59.24 ¥069::§2 10 1-10
H,O
0.9992 103 1-103
FM 0.1228 137.06 ¥ 0.9567 ¥102 ¥1-102
0.8281 102 1-102
SM 0.1762 33.14 ¥ 0 7522 ¥104 ¥ 4,104
Saliva
FM 0.0258 83.33 ¥06981€52054 103 1-103
0.8930 10 1-10°
SM 0.0355 33.03 ¥0.9211 ¥10° ¥1.10°
Sweat
0.7532 10° 1-10°
FM 0.0345 76.20 ¥ 0.8527 00 ¥1.10°
SM 0.0351 50.19 ¥067§;529 103 1-103
Urine
FM 0.0582 58.88 ¥069;f; 1 103 1-103

¥Data for sensitivity in voltage.

The sensitivity to the I ¢ current was higher for the water and saliva samples submitted to the flow and
static measurement. The voltage sensitivity was also higher in the samples submitted to flow measurements,
but the linear range was decreased.®%-¢3

With these measurements, we identified that the system presented, in most cases, nernstian or super-
nernstian responses for values in the flow than for the static tests. The current sensitivity values obtained
here are much higher than those considered in the literature, regardless of the matrix.*

We then went on to develop a bench measurement system (Plug Injection Analysis) that could
respond linearly to variations in concentration, in which we converted the system’s drain-source current
measurement into voltage values using a resistor of known value and following Ohm’s equation. The
system designed is shown in Figure 8.
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Figure 8. Measurement system for plug injection analysis.

In the system shown in Figure 8, there was a syringe pump coupled to a six-way valve that injected
solvent while the flow modulator was activated to inject a small amount of sample. The electrodes were
welded to a phenolite circuit board with an electrical measuring circuit (1) in which there was an 8.2 KQ
resistor at the output of the drain terminal. The sample entered the metal box used as a Faraday cage
through tubes positioned on the sides of the box (lI) and passed through the microfluidic chip (lll) inside,
passing through the indicator (IV) and control (V) electrodes. Through interconnections on the outside of
the metal box, the circuit received the voltage applications and an analog-digital interface was responsible
for receiving the solvent signals. When the sample was injected, the computer monitor connected to the
analog-digital interface showed voltage peaks characteristic of each concentration of the solutions.

The schematics of the electrical circuit can be seen in Figure 9.

A
19T

Wy

8,2 KQ

—)
= VR+ VDs WVin

Figure 9. Electrical circuit designed for plug injection analysis.

In the circuit, the body terminal of the MOSFET was grounded to polarize it in relation to the gate of the
device. There was a resistor in parallel with the drain because we were measuring the current variation
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in this terminal as the concentration of the solutions changed. The idea was that the resistor in parallel
with the drain terminal would give us information about the output current at this terminal. Once we had
obtained the current, given Ohm’s equation, we calculated the voltage using Labview software with an
appropriately adapted interface for this measurement. The current circulating was consequently linked to
the induction of the charges on the MOSFET gate, which is why we could make this approximation.5'6

The probe used was connected to an analog-digital interface connected to the computer program and
so it was possible to detect the increments, restricting them only to those with values above 5V, which was
the measurement limit of the analog-digital interface. In the case of plug injection analysis, each chloride
concentration in the sample was responsible for a response pulse in the LabView system, since aliquots of
the solution were injected every minute. Thus, higher concentrations were responsible for longer pulses.

The procedure using the system in Figure 8 was similar to that of measurement 2 described earlier
in the methodology section, but the syringe pump uninterruptedly injected the blank (matrix in which the
solutions were prepared). While, different concentrations of the analyte were injected by the flow modulator
at certain time intervals. The | ,, current can be obtained by converting the voltage drop in the resistor using
Ohm’s law.5" The results measured at various chloride concentrations in the plug injection analysis are
shown in Figure 10.

m Pln
----- Fit Linear!

284
y=-0.1707x + 2.8085

27 R’= 0.9330
2.6
2.5

o 24+
23

224

214

[CI'ImolL™"

Figure 10. Potential sensitivity for samples chloride in water in the Pln setup.

For these measurements, the voltage sensitivity was 170.78 mV dec' over a wide range from 1 mol L™
to 10* mol L, with R? 0.9330 for the samples in water. For the samples prepared in NaNO, 0.5 mol L™ and
urine, we obtained the data shown in Table IlI.

Table lll. Result to measurement in plug injection analysis to chloride in different matrices

Sample ?:?,ziltti:;tg Linearity LOD_ Linear ra_nge
(mV dec) (R?) (mol L) (mol L)
H,0 170.78 0.9330 10+ 1-10+
NaNO, 83.49 0.8720 103 1-10°
Urine 105 0.9436 10° 1-10°

The voltage sensitivity data obtained with the plug injection system cannot be directly compared with
the previous values in order to confirm the success of the system, since there are differences in the resistor
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values used in the parameter analyzer and in the elaborate configuration. However, the success of the
system can be seen in the good linearity of the response, which is considered to be above R? 0.87 for all
measurements. In addition, the linear range described in Table Ill shows values equivalent to the other
detection ranges in the previous tables for the same solvent and analyte.

Considering that this system can receive more contributions from noise, leakage of applied potential
and so on, the values obtained using it are still in a very acceptable range for it to be considered functional.
For future use, we intend to optimize it by replacing the power supply with a battery system, in order to
reduce the noise from electronic systems.

CONCLUSIONS

In conclusion, we have successfully fabricated chloride and thiocyanate measurement systems using
EGFETs in two conventional static and dynamic measurement configurations and presented a new plug
measurement configuration based on a simple system that can be adapted to be portable. With the
systems used, we were able to recognize ions in different artificial biological and non-biological matrices,
achieving linearity of up to R? 0.9999 in some cases, with a detection range of at least 10* mol L". And in
the tests, chloride detection showed the greatest expansion of the linear measurement range, although in
the tests with thiocyanate the variations in sensitivity given by the different concentrations of the solutions
had higher results than for chloride.

As mentioned in the aim of this study, we present an in-depth discussion of EGFET’s behavior in
detecting ions. Based on different literature in the field, we discuss the main concepts involved in the
operation of this type of sensor and how the data derived from them is usually presented graphically for
the better understanding of the reader who is just starting to study EGFETs.

The systems designed showed an excellent signal-to-noise ratio, except for the plug injection
measurement, which requires adaptations to reduce noise interference from electrical sources. Optimization
of this battery-powered measurement system will therefore be the subject of future studies. Further
optimizations in the measurement configuration for future use could also lead to better LOD values for the
measurements. One of the limitations of using the flow test system developed in our study is the need for
a sample volume of at least 2 mL to fill the entire flow structure and the test run time.

The device, in its current form, with a metal indicator electrode is sensitive to the ions tested, but is
not selective. The development of a detection membrane selective only to chloride ions and another
only to thiocyanate ions is necessary. The focus of our study so far, however, is more geared towards
demonstrating the potential of EGFET-based configurations for the determination of various analytes.

We hope that this study will contribute to the scientific community’s understanding of new field-effect
sensor systems, an area that has expanded significantly in recent years.
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