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Abstract: The determination of optimal growth conditions for crops is crucial to avoid losses in
agricultural production due to preventable factors. In particular, the design of implantable sensors
represents a promising technology to enable the in-situ evaluation of key environmental conditions.
However, current developments in the field require expensive equipment, either for the fabrication
of sensors, or measurement processes, limiting their applications within real-world environments.
This work presents for the first time a low-cost and accessible approach for the fabrication of min-
iaturised pH sensors, that can be fabricated using open-source and low-cost equipment. This device
was developed by electrodepositing Ruthenium oxide nanoparticles onto thin copper films using a
microcontroller-based potentiostat (>£50). A cellulose-based coating was then incorporated by an
aerosol-based method, developed using off-the-shelf low-cost devices. The combination of these
two low-cost deposition methods allowed the fabrication of nanometrically thick pH sensors. The
final setup combined the pH sensing layer of ruthenium oxide and cellulose, with a microcontroller
that could send the collected data wirelessly to online servers for Internet of Things applications. A
proof-of-concept device was implanted inside a tomato plant, including multiple environmental
sensors, and the changes in pH inside the stem could be measured continuously. These results rep-
resent a step forward towards the practical application of implantable sensors in crop production,
offering a plethora of applications in smart farming and plant research within low-resource settings.

Keywords: pH sensor; precision agriculture; metal oxide.

1. Introduction

The development of precision agricultural methods has become an essential field to
address current challenges in food security. This technology has the potential to tackle the
70% increase in agricultural production needed to mitigate the demands of the growing
population by 2050 [1, 2]. To achieve a high-quality monitoring, precision agriculture re-
quires from the use of sensors that can provide information about crop health [3, 4], ide-
ally at an individualised level [2]. However, the field of implantable sensors in crops have
been dominated by spectral imaging techniques, often requiring the pre-implantation of
nanomaterials such as carbon nanotubes, and determining the changes in fluorescence [5].
However, in most cases, these sensors are limited to the detection of simple reactive oxy-
gen species (ROS), such as H20z, or nitroaromatics [6], and require expensive optical
equipment for the imaging of the implanted nanoparticles, hindering their application
within real-world environments.

Electrochemical technologies for the monitoring of internal analytes in plants has
been proven to be a promising alternative for the low-cost fabrication of implanted sen-
sors, that can continuously monitor biomarkers. These methods could be used for a wide
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range of analytes and applications, including the monitoring of hormone fluxes in roots
through the use of carbon nanotube-based self-referenced microelectrodes [7]. Recently, a
monitoring of the relative concentrations of certain leaf biomarkers such as glucose and
fructose have been made possible through the incorporation of transistor-based devices
[8]. This sensor evidenced for the first time an increase in fructose concentrations during
the night-time. However, the determination of single ions such as H+ still represents a
challenge in the field of implanted sensors in plants, due to the scarcity of suitable mate-
rials for their determination.

Within the present work, an implanted pH sensor based on ruthenium oxide nano-
particles has been developed. Thin RuOx films were initially fabricated by a custom-made
potentiostat device, involving a microcontroller and two operational amplifiers (>£50).
The fabrication results were compared to the ones obtained using a laboratory-standard
equipment (Metrohm, Autolab). To improve the stability of the films, and enable the mon-
itoring of xylem pH in vivo, a cellulose:elastomer film was additionally incorporated onto
the RuOx electrodes. This layer was deposited by using an aerosol-based method, that
incorporated off-the-shelf components, and allowed a control over the film dimensions
within the nanometre range. Finally, the devices were tested implanted inside a 4-week-
old tomato plant, and the results, along with the temperature, humidity and Volatile Or-
ganic Compounds (VOC) data collected by an environmental sensor, were wirelessly re-
ported to an online server to simplify the data collection process.

2. Materials and methods

2.1. Materials

Reagents were purchased from Sigma Aldrich unless otherwise specified; Ruthe-
nium (III) chloride, ethyl cellulose, conductive silver ink, and iron (III) chloride. All pH
buffer solutions were purchased from Fisher Scientific (Fisher scientific Ltd, UK). Sylgard
184 silicone elastomer kit was purchased from Dow. A Wio Terminal microcontroller was
purchased from Seeed Studio, MCP4725 and BME680 were purchased from pimoroni. Ar-
duino pH-4502C pH meter was purchased from Morden Store. Finally, LM324 Opera-
tional amplifier was purchased from Texas Instruments.

2.2. Assembly of Low-cost potentiostat

The pH sensing electrodes were fabricated by electrodeposition, using a custom-made
and low-cost potentiostat. This potentiostat was assembled by following reported
circuits within the literature [21-23]. Briefly, a LM324 Op amp was used combined with a
MCP4725 Digital-to-Analog converter (DAC), that allowed the user to set a specific
voltage output. This MCP4725 was connected to the non-inversing input of an Op Amp,
while the counter and reference electrodes were connected to output and inverting
electrodes respectively. On a different Op Amp, the working electrode was connected to
the inverting input, and a current-to-voltage converter circuit was designed by a closed-
loop configuration, using a 15 kOhm between the inverting input and the output. This
circuit was connected to the analog pin of a Wio Terminal microcontroller, which could
be used to set the potentiostat parameters by the user. This circuit has been schematised
on Figure A.1.

2.3. Electrodeposition and characterisation of Ruthenium oxide films

Within the present work, a thin RuOx film was used for the pH sensing. Thin RuOx films
were fabricated onto copper electrodes by using electrodeposition as reported elsewhere
[12]. Briefly, copper electrodes were immersed onto a solution containing 0.1 M Ru, and
an increasing voltage was applied. This electrodeposition process was conducted
initially by using a benchmark laboratory equipment (Metrohm, Autolab BV, The
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Netherlands) employing a Ag/AgCl reference and a platinum film as counter electrodes.
A voltage comprised between 0 — 0.8 V was applied at a rate of 10 mV/s, and the current
was measured to make a Cyclic voltammogram. The cyclic voltammetry process was
repeated 10 times to develop the metal oxide films. This deposition method was
replicated using our custom-made potentiostat, applying the same conditions in the case
of the benchmark laboratory equipment, and the analog response recorded by the
microcontroller was recorded.

After the fabrication of RuOx, the films were visualised by scanning electron microscopy
(EVO LS15, ZEISS, Jena, Germany), using an acceleration voltage of 20 kV. This method
allowed the characterisation of the surface structure of the sensing films. The
morphology of RuOx films fabricated by standardised laboratory equipment and our
custom-made potentiostat under abovementioned conditions were then compared. The
chemical structure of the RuOx sensing film was additionally studied by using FTIR
(L160000A Perkin Elmer, Waltham, MA, USA). This method allowed the determination
of the presence of the stretches corresponding to the Ru-O bonds, and presence of
surface hydroxyl groups that are necessary for the sensing. In this case, the
transmittance of the deposited films was measured between 400-4000 cm! using an ATR
configuration. Finally, the sensing performance of the developed devices in terms of
sensitivity and electrochemical noise was determined by calibrating the electrodes using
multiple pH buffers ranging from 4-11. In this case, a Ag/AgCl reference electrode was
designed by coating a copper electrode with silver paint. This silver paint was further
oxidised by leaving the electrodes in contact with a 0.1 M solution of FeCl3 for 1 min.

2.4. Incorporation of cellulose-based thin films

To improve the performance of the sensing films, a cellulose:PDMS film was deposited
onto the RuOx film. This deposition was carried out by using a custom-made aerosol
deposition method. The deposition system consisted of an ultrasonic atomiser operating
at a frequency of 110 kHz, and a low-cost air pump. A solution containing 40 mg
cellulose and 60 mg PDMS diluted in 10 mL ethyl acetate was then aerolised and
directed towards the desired substrate. Initially, the thickness obtained by this method
was characterised by fabricating films using different deposition times. To do so, the
films were deposited onto glass substrates, and the obtained thicknesses were
determined by using a stylus profilometer (Dektakxt, Bruker, UK).

The final devices, containing the RuOx films fabricated by our custom-made potentiostat
onto the copper electrodes, were modified by deposition of 80 nm thin films. The
sensitivity of these sensors was characterised by subjecting the electrodes to different
pH buffers, and the voltage was monitored.

2.5. In vivo testing of electrodes

To test the feasibility of the devices within an in vivo environment, the sensing devices
were implanted inside 4-week-old tomato plants (Moneymaker variety). Sensing devices
containing the electrodeposited RuOx sensing films and Ag/AgCl reference electrodes
were fabricated using the low-cost potentiostat reported here. Initially, electrodes where
no cellulose-based film had been incorporated were tested, and the voltage was
monitored for 5 hours. This experiment was conducted using a Wio Terminal device as
the microcontroller, enabling the wireless reporting of results to Adafruit IO server.
Devices containing both the RuOx and the cellulose-based coating were also produced
and tested. In this case, the sensors were also implanted in 4-week-old tomato plants,
and the voltage was monitored using a Wio Terminal device. In addition, a BME680
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environmental sensor was incorporated to prove additional information about the
environmental conditions of the plant.

3.3. Results and discussion
3.1. Deposition of pH sensing films

One of the key steps in the fabrication of the pH sensors is the deposition of a sensitive
film. Within this work, ruthenium oxide was employed as the active layer, given its
ability to reversibly reduce the surface RuO: using H* groups according to the formula
below [13]:

RuO: - H20 + H* + e — H20 + Ru(OH)s

The RuO: sensing films were deposited by electrodeposition, using a copper substrate as
the working electrode, a Ag/AgCl reference and a carbon-based counter. In this case, a
voltage comprised between 0-0.8 V was applied at a rate of 100 mV/s, and the resulting
current was determined. Up to 10 cycles were applied, and the results using a
standardised laboratory equipment (AUTOLAB, Metrohm), and low-cost potentiostat
device reported here were compared (Figure 1.a. and Figure 1.b.).

To test the initial sensitivity of the films after deposition using the lab-proof potentiostat,
a two-electrode cell was prepared, by coating a copper electrode using a silver ink, and
oxidising it by using FeCls for 1 min. The full device was immersed in different pH
buffers, and the voltage of the cells was recorded (Figure 1.c. and Figure 1.d.). In the case
of the low-cost Arduino device calibration, an off-the-shelf device was employed for the
voltage measurements.

When the sensing devices were characterised using laboratory equipment, a Nernst
sensitivity of 53.7 mV/pH was achieved. This value demonstrated the suitability of our
potentiostat in the fabrication of pH-sensitive electrodes. When the Arduino-based
device was employed instead, a good linearity was observed within the measured pH
range (R? = 0.987), with a sensitivity of 30.4 Points/pH. This performance allowed an
accurate determination of the pH of solutions within biological environments.

The low-cost approach described within the present work for the fabrication of the
sensing films comprised a Wio Terminal device, that allowed a control of the
components involved, and an interactive interface for the selection of the desired voltage
range and speed by the user. This system could be complemented with multiple
environmental sensors of interest such as the BME680 for temperature, humidity and
gas measurements, and could additionally analyse the results in real-time. The whole
circuit was enclosed within a plastic embodiment, and the three electrode cells were
connected to the potentiostat (Figure 1.e. and Figure 1.f.). A schematical representation
of the device circuit is shown in Figure A.1. In addition, the necessary codes have been
made available on XOD.io, for object-oriented programming (Figure A.2.).
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Figure 1. a. Cyclic voltammogram obtained during the electrodeposition of ruthenium oxide films
onto copper electrodes using laboratory equipment. The differences between the first and tenth
cycles are shown. b. Comparison using a cyclic voltammogram obtained using the low-cost poten-
tiostat reported in the present work. c. Calibration plot of the ruthenium oxide sensing films ob-
tained using the low-cost Arduino device reported here using laboratory equipment. The obtained
calibration plot is shown. d. Comparison of the calibration results using an off-the-shelf low-cost
device. e. Embodiment of the low-cost potentiostat employing the Wio Terminal device for the
fabrication of pH sensing films. f. This potentiostat could be connected to a three electrode cell
incorporating a Ag/AgCl reference, a carbon-based counter and working electrodes.

Our results evidence that the Arduino devices reported in the present work could lead
to similar results when compared to laboratory equipment. The RuOx films showed a
Nernst response when used in the presence of different pH buffers, and a good linearity
was observed within the measured range (4-9). This performance will be advantageous
for the development of implanted devices for plant monitoring. However, one of the
limitations of the devices is the high noise rates achieved, being in the range of 0.16
mV/min, and 0.24 Point/min in the case of the Arduino-based devices. These noise rates
could hinder the application of the sensors within biologically relevant environments.
As such, a further modification using a cellulose-based coating will be conducted within
the following sections to improve the performance of the sensors.

3.2. Characterisation of ruthenium oxide films

After the fabrication of RuOx films through electrodeposition using laboratory-standard
equipment and our low-cost microcontroller-based solution, the electrodes were charac-
terised. Initially, the chemical composition was studied using FTIR. This method evi-
denced the presence of the Ru-OH stretches at 821 cm™ [14] in both cases, which are es-
sential for the sensing of H* [13]. In addition, the stretch corresponding to the peroxo
groups was observed at 1014 cm™ [15], along with the H2O stretches at 1600 cm™ [16],
and the ones from hydroxyl groups at 3400 cm-! [17]. These stretches were also present
within both laboratory- and Arduino-based samples, proving the suitability of the low-
cost method for the fabrication of pH sensing films (Figure 2.a.).

The morphology of the final sensing films was additionally evaluated by using SEM.
Initially, pristine copper electrodes prior the deposition of films were studied. In this
case, a homogeneous surface was obtained, with no presence of nanoparticles (Figure
2.b.). After electrodeposition, a film of RuOx nanoparticles was observed onto the copper
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electrodes, evidencing the successful deposition of the sensing material (Figure 2.c.).
Similar structures have been observed for the determination of pH changes in Lab-on-a-
Chip devices [18], and water quality monitoring [19]. A similar morphology than the one
obtained using laboratory equipment was observed in the case of low-cost electrodepo-
sition with the Arduino-based potentiostat, showing the presence of nanoparticle film
onto the surface of the copper-based electrodes (Figure 2.d.).
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Figure 2. a. FTIR spectrum of the Ruthenium oxide films deposited onto the copper substrates and
using laboratory equipment (red), and the arduino-based device reported in this work (black). The
main stretches that indicate the successful deposition of RuOx are highlighted. b. SEM imaging of
copper electrodes before the modification through electrodeposition. ¢. Morphology of the ruthe-
nium oxide-based pH sensing films after electrodeposition using laboratory equipment. d. Results
comparison using an Arduino-based potentiostat.

As such, the incorporation of our Arduino-based approach could lead to the successful
deposition of sensing films onto the copper substrates. As studied within the previous
section, these films could also be used to determine the pH of solutions using a low-cost
device. However, the electrochemical noise obtained was relatively high, hindering its
incorporation during in vivo studies.

3.3. Deposition of cellulose-based film on sensing device

As mentioned within previous sections, the electrodeposition of ruthenium oxide-based
films onto copper electrodes allowed the fabrication of nanoparticulated films, that
could successfully determine the pH in solution using an Arduino-based device. The
deposition using laboratory equipment and microcontroller-based devices led to similar
morphologies and sensing performances, showing promise for the incorporation of these
low-cost methods in the fabrication of implantable devices. However, the noise rates of
the films were relatively high, which could lead to large uncertainties on the measured
pH, especially given the logarithmic nature of this value [20]. To improve the perfor-
mance of the sensing films by reducing the electrochemical noise, a cellulose-based coat-
ing containing PDMS elastomer at a ratio of 60:40 was developed. This coating
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composition was selected following previous reported work that indicated an improve-
ment in sensing stability of ion-selective electrodes using elastomer coatings [21], and a
potential decrease in biomolecule adsorption when PDMS is combined with ethyl cellu-
lose [22].

Thin films were deposited onto the RuOx films using an aerosol-based method (Figure
3.a.). The aerosol method developed in this work consisted of a piezoelectric atomiser,
that could operate at a frequency of 110 kHz, and a low-cost air pump that could be con-
nected to a microcontroller (Figure 3.a.). The use of an air pump allowed the displace-
ment of the generated aerosol from the precursor solution reservoir onto the electrodes,
generating a uniform film with a roughness in the range of 3 nm. Initially, this deposi-
tion method was applied to copper wires to compare the performance with the drop
casting method (Figures 3.b. and Figure 3.c.). A higher surface roughness was observed
in the case of drop casted samples compared to the aerosol deposited films, evidencing a
higher surface homogeneity of the case of aerosol deposited films. In addition, the thick-
ness of the films fabricated by aerosol deposition could be controlled by changing the
deposition time, which allowed a good control of the dimensions, with an estimated
growth of 0.77 nm/s (Figure 3.d.).

The presence of a cellulose-based coating could reduce the measured electrochemical
noise, from 0.24 Point/min, obtained in the case of uncoated electrodes, up to 0.19
Point/min (Figure 3.e.). In addition, the electrodes showed a similar sensitivity com-
pared to the pristine RuOx electrodes, with 35 point/pH, and a linear response within the
same pH range as the uncoated electrodes (Figure 3.f.).
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Figure 3. a. Schematical representation of the aerosol system employed within the present work
for the deposition of cellulose-based coatings. The ultrasonic atomiser could be used to generate
an aerosol which could be directed towards the sample by using an air pump. b. SEM imaging of
drop casted substrates, evidencing the presence of a high surface roughness. c. The deposition of
the cellulose-based coating using the aerosol method led to homogeneous films with controllable
thicknesses. d. Calibration plot obtained after fabricating cellulose-based films onto the RuOx films
using different deposition times. e. Comparison graph of the noise rates obtained using the pris-
tine sensors, only containing the RuOx films, and the cellulose-based electrodes. f. Calibration plot
of the final devices containing RuOx and a cellulose-based coating. The sensitivity achieved in-
creased compared to the one achieved in the case of pristine RuOx.
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One of the advantages of the incorporation of this cellulose-based coating within the
electrode surface is the improvement of the stability when incorporated during in vivo
studies as shown in the next section. Such improvement in the noise rates of sensors
were a consequence of the lowest adsorption of biomolecules, as described in previous
reported work [22].

3.4. Testing of final device for in vivo plant pH monitoring

After the fabrication and optimisation of the sensing devices through the incorporation
of a cellulose-based coating, the electrodes were implanted inside tomato plants. The
working and reference electrodes (1 mm wide) were glued onto a PP substrate to facili-
tate the implantation (Figure 4.a. and Figure 4.b.), and they were directly inserted onto
the tomato stem (Figure 4.c.). A Wio Terminal-based device was assembled, incorporat-
ing a low-cost voltage meter, and a BME680 sensor, able to measure environmental hu-
midity, temperature, pressure and VOC concentrations. The device was also pro-
grammed to send data wirelessly to an online server for data analysis and could be di-
rectly powered using an inductive charger (Figure 4.d. and Figure 4.e.). All the necessary
components for the environmental measurements were enclosed inside a portable box,
that enabled an easy handling of the devices. Finally, the results were downloaded from
an online server, enabling a wireless reporting of results.

Reference C . d . e .

Coated pH sensor
P Electrode connections Real-time data

Wio Terminal  Portable case Inductive charger

Figure 4. a. Schematical representation of the implantable probe that was inserted inside tomato
stems. To improve the implantation, the 1 mm wide electrodes were glued onto a propylene sub-
strate. b. Picture of the pristine copper electrodes prior implantation. c. Final device configuration
involving the implanted electrodes inside tomato stems. d. Picture of the final device involving a
Wio Terminal device, connected to an inductive charger as a power supply, as well as the voltage
meter and BME680 environmental sensor (enclosed inside a box). e. Upon connecting the induc-
tive chargers to the Wio Terminal device (which could also be achieved using a mobile phone), the
Wio Terminal can be used without requiring any battery.

After the assembly of the low-cost system, the electrodes were implanted inside tomato
plants. Initially, electrodes where no cellulose coating had been deposited were tested.
The initial baseline was first recorded for 1 h, stabilizing at a pH of 2.42+0.84. The plant
was then watered using 20 mL DI water, increasing the pH to 3.44+1.52 (Figure 5.a.).
However, given the increasing noise rates obtained in this case, an objective study of the
plant response became difficult. Such high electrochemical noise was attributed to a pro-
tein adsorption and biofouling, which commonly takes place within implantable devices
that incorporate similar materials such as iridium oxide [23].

When the RuOx sensing film was coated using a cellulose/elastomer film, the noise rates
of the measured signal improved significantly compared with the pristine pH sensors. A
pH baseline of 4.17+0.03 was initially recorded when the devices were first implanted.
This value resulted similar to previous measurements of xylem sap pH in tomatoes, that
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reported a slightly acidic value [24]. Upon watering the plant, an initial increase in pH
was observed, followed by a stabilisation of the value at 4.37+0.07 (Figure 5.b.). Changes
in pH values have been observed in vascular plants due to an increase in transpiration
[24], change of season [25], presence of light [26], or fertilisation using nitrates [27]. As
such, the increase of pH was attributed to a higher water availability by the plant, evi-
dencing the application of the developed device for the continuous monitoring of pH in
vivo. This low-cost system could also potentially be employed in smart agriculture, ena-
bling the study of plant infections [28], and wound response [29], which could save costs
and enhance productivity.

To complement the information obtained by the in vivo devices, we incorporated a
BME680 environmental sensor, which recorded information about the temperature, hu-
midity and VOCs concentrations (Figure 5.c-e.). The built-in light sensor from the Wio
Terminal Device was additionally used, to study the day-night cycles of plants (Figure
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Figure 5. a. Measurement of pH inside the tomato stems using a pristine electrode without the
incorporation of a cellulose-based coating. An increasing noise was recorded, with a change upon
watering the plants. b. Plot obtained after the recording of pH in a tomato stem using cellulose-
based device. The changes in pH upon watering the tomato plant could also be determined. c. The
use of a BME680 sensor allowed the determination of environmental temperature. d. The humid-
ity of the devices was additionally measured, evidencing an increase after watering the plant with
DI water. e. The concentration of VOCs could additionally be assessed through the determination
of the resistance of a metal oxide-based gas sensor. In this case, lower values of resistance repre-
sents a higher concentration of VOCs. f. The Wio Terminal device used within the present work
incorporated a light sensor that could be used for the study of day/night cycles in plants.

As expected, the decrease in daylight led to a decrease in environmental temperature
and an increase in humidity. In addition, the pH inside the stem increased after the sta-
bilisation due to watering increased, with a value of 4.37+0.07 compared to the original
baseline. Such slight increase in the pH values of tomatoes during night-time has been
previously described in tomato plants. Such increase has been shown to be a conse-
quence of to the differences in transpiration between day and night rather than changes
in electrolytes concentrations in xylem [30].
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4. Conclusions

Within the present work, a low-cost miniaturised device based on ruthenium oxide
coated with a cellulose-based film has been developed to enable the in vivo monitoring
of sap pH in tomato plants. Initially, a RuOx film was fabricated onto copper electrodes
by electrodeposition. An Autolab potentiostat/galvanostat was used as a benchmark
equipment for the fabrication, and the results were compared to the ones obtained by
using a microcontroller-based low-cost approach. Nanoparticulate films were obtained
in both cases, with a similar morphology and chemical compositions that allowed the
sensing of pH with a Nernstian slope. However, the electrochemical noise rates of the
devices were relatively high, in the range of 0.24 point/min, hindering the applicability
of this system for the direct determination in vivo.

To improve the stability of the sensing devices, and allow the implantation of the films, a
cellulose-based coating was incorporated onto the electrodes. This film was deposited by
using an aerosol-based method, which included an ultrasonic sonicator and an air
pump. The final low-cost system (>30%$) allowed the deposition of nanometrically thin
films on multiple substrates. A growth of 0.77 nm/s was measured by a stylus profilome-
ter, with a roughness below 3 nm. Films within a thickness of 80 nm were then depos-
ited, and the final device was calibrated using different pH buffers. A significative re-
duction in the noise rates was obtained, in the range of 0.19 point/min, while the meas-
ured sensitivity resulted similar to the one measured by the pristine electrodes, with no
cellulose-based coating.

Finally, the devices were implanted inside tomato stems, and the pH was continuously
monitored for 5 h. When no coating was incorporated, an increasing electrochemical
noise was measured, which did not allow the determination of plant pH. On the con-
trary, the final device incorporating the cellulose-based coating could monitor the pH in
the sap continuously for at least 5 h, with a low noise in the range of 0.07 pH/min. Ini-
tially, a stable pH of 4.17+0.03 was measured. Upon watering the plant using DI water, a
sudden increase in this value followed by a stabilisation around 4.37+0.07 was meas-
ured. This slight increase in sap pH due to the transpiration mechanisms of plants was
consistent with the previously reported work in the field. The low-cost measurement
system also incorporated a bme680 sensor that allowed the measurement of environ-
mental parameters such as temperature, humidity and VOC concentrations, and could
send the obtained data wirelessly via an online server.

To simplify the incorporation of this technology within a real-world environment, and
allow the use by the widest community of farmers, the codes needed for the operation of
the final device were translated to XOD, an object-oriented programming tool to allow
an easy operation by the final user. Thus, the results presented in this work represent a
step forward for the incorporation of plant biosensors within low resource settings, with
a plethora of applications in smart farming and Tnternet of Things (IoT) applied to agri-
culture.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1,
Figure S2.
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read and agreed to the published version of the manuscript.

Appendix A



Eng. Proc. 2021, 3, x FOR PEER REVIEW 11 of 4

Reference

MCP4725

Counter

15 kOhm

Figure A1l. Schematical representation of the circuit employed within the present work for the development of a low-

cost potentiostat.

Appendix B

potentiostat-mcp4725

Figure A.2. Example of the program for the potentiostat developed for XOD, visual programming for the easy

application of the device.

References

1.  Alexandratos, N.B., J. World Agriculture Towards 2030/2050: The 2012 Revision. Food and Agriculture Organization of the
United Nations, 2012.

2. Said Mohamed, E., et al., Smart farming for improving agricultural management. The Egyptian Journal of Remote Sensing and
Space Science, 2021.

3.  Wolfert, S, et al., Big Data in Smart Farming — A review. Agricultural Systems, 2017. 153: p. 69-80.

4. Navarro, E., N. Costa, and A. Pereira, A Systematic Review of IoT Solutions for Smart Farming. 2020. 20(15): p. 4231.

5. Wu, H,, et al., Monitoring Plant Health with Near-Infrared Fluorescent H202 Nanosensors. Nano Letters, 2020. 20(4): p. 2432-
2442,

6. Wong, M.H,, et al.,, Nitroaromatic detection and infrared communication from wild-type plants using plant nanobionics. Nature
Materials, 2017. 16(2): p. 264-272.

7.  Mancuso, S, et al., Noninvasive and continuous recordings of auxin fluxes in intact root apex with a carbon nanotube-modified
and self-referencing microelectrode. Analytical Biochemistry, 2005. 341(2): p. 344-351.

8.  Diacdi, C,, etal., Diurnal in vivo xylem sap glucose and sucrose monitoring using implantable organic electrochemical transistor
sensors. iScience, 2021. 24(1): p. 101966.

9.  Meloni, G.N., Building a Microcontroller Based Potentiostat: A Inexpensive and Versatile Platform for Teaching Electrochem-

istry and Instrumentation. Journal of Chemical Education, 2016. 93(7): p. 1320-1322.



Eng. Proc. 2021, 3, x FOR PEER REVIEW 12 of 4

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

Cordova-Huaman, A.V., V.R. Jauja-Ccana, and A. La Rosa-Toro, Low-cost smartphone-controlled potentiostat based on Ar-
duino for teaching electrochemistry fundamentals and applications. Heliyon, 2021. 7(2): p. e06259.

Li, Y.C, et al., An Easily Fabricated Low-Cost Potentiostat Coupled with User-Friendly Software for Introducing Students to
Electrochemical Reactions and Electroanalytical Techniques. Journal of Chemical Education, 2018. 95(9): p. 1658-1661.

Patake, V.D., C.D. Lokhande, and O.S. Joo, Electrodeposited ruthenium oxide thin films for supercapacitor: Effect of surface
treatments. Applied Surface Science, 2009. 255(7): p. 4192-4196.

Kurzweil, P., Metal Oxides and Ion-Exchanging Surfaces as pH Sensors in Liquids: State-of-the-Art and Outlook. 2009. 9(6): p.
4955-4985.

Kannan, SK. and M. Sundrarajan, Green synthesis of ruthenium oxide nanoparticles: Characterization and its antibacterial
activity. Advanced Powder Technology, 2015. 26(6): p. 1505-1511.

Rocha, M., A. Mansur, and H. Mansur, Characterization and Accelerated Ageing of UHMWPE Used in Orthopedic Prosthesis
by Peroxide. 2009. 2(2): p. 562-576.

Cheng, F., et al., FTIR analysis of water structure and its influence on the flotation of arcanite (K2SO4) and epsomite
(MgSO4-7H20). International Journal of Mineral Processing, 2013. 122: p. 36-42.

Finnie, K.S., et al., IR Spectroscopy of Surface Water and Hydroxyl Species on Nanocrystalline TiO2 Films. Langmuir, 2001.
17(3): p. 816-820.

Tanumihardja, E., W. Olthuis, and A. Van den Berg, Ruthenium Oxide Nanorods as Potentiometric pH Sensor for Organs-On-
Chip Purposes. 2018. 18(9): p. 2901.

Manjakkal, L., D. Szwagierczak, and R. Dahiya, Metal oxides based electrochemical pH sensors: Current progress and future
perspectives. Progress in Materials Science, 2020. 109: p. 100635.

Dybko, A., Errors in Chemical Sensor Measurements. Sensors, 2001. 1(1).

Joon, N.K,, et al., PVC-Based Ion-Selective Electrodes with a Silicone Rubber Outer Coating with Improved Analytical Perfor-
mance. Analytical Chemistry, 2019. 91(16): p. 10524-10531.

Ruiz-Gonzalez, A. and K.-L. Choy, Integration of an Aerosol-Assisted Deposition Technique for the Deposition of Functional
Biomaterials Applied to the Fabrication of Miniaturised Ion Sensors. 2021. 11(4): p. 938.

Cassar, LR, et al., Electrodeposited platinum-iridium coating improves in vivo recording performance of chronically implanted
microelectrode arrays. Biomaterials, 2019. 205: p. 120-132.

Wilkinson, S., et al., Effects of Xylem pH on Transpiration from Wild-Type andflacca Tomato Leavesl: A Vital Role for Abscisic
Acid in Preventing Excessive Water Loss Even from Well-Watered Plants. Plant Physiology, 1998. 117(2): p. 703-709.

Fromard, L., et al., Control of Vascular Sap pH by the Vessel-Associated Cells in Woody Species (Physiological and Immuno-
logical Studies). Plant Physiol, 1995. 108(3): p. 913-918.

Lee, Y. and R.L. Satter, Effects of white, blue, red light and darkness on pH of the apoplast in the Samanea pulvinus. Planta,
1989. 178(1): p. 31-40.

Mengel, K., R. Planker, and B. Hoffmann, Relationship between leaf apoplast pH and iron chlorosis of sunflower (Helianthus
annuus L.). Journal of Plant Nutrition, 1994. 17(6): p. 1053-1065.

Schoina, C., K. Bouwmeester, and F. Govers, Infection of a tomato cell culture by Phytophthora infestans; a versatile tool to
study Phytophthora-host interactions. Plant Methods, 2017. 13(1): p. 88.

Vega-Munoz, I, et al., Breaking Bad News: Dynamic Molecular Mechanisms of Wound Response in Plants. 2020. 11(1959).
Gallegos-Cedillo, V.M., M. Urrestarazu, and J.E. Alvaro, Influence of salinity on transport of Nitrates and Potassium by means
of the xylem sap content between roots and shoots in young tomato plants %] Journal of soil science and plant nutrition. 2016.
16: p. 991-998.



