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1. Introduction
Brief project description
In order to save the environment while maintaining profits for farmers, management of crop
production requires reliable decision-support systems (DSS) based on water quality feedback
making use of cost-effective, robust, low-maintenance and accurate sensors for nutrients and
pesticides. So far, available sensor technology does not meet the challenges for on-site
monitoring and feedback control. AGRINUPES developed nutrient (NPK) sensors to be integrated
into fertilization and irrigation (fertigation) equipments, as well as low-cost biosensors for
pesticide detection, and demonstrated their use for practical management purpose at several
European demo-sites. The AGRINUPES project (www.agrinupes.eu) was funded by ERA-NET /
Co-fund WaterWorks2015.

Achieved and expected results
 R&D of an integrated and sustainable monitoring system with innovative ion-selective
sensors for main macronutrients (NPK) and bio-based sensing of pesticides (imidacloprid
and pirimicarb), to be used for optimal water and nutrient supply and reuse, minimizing the
effects on the environment. Regarding the NPK sensor, a modular optoelectronic system
with interchangeable components that can be configured for different operational
conditions was achieved. Also, an innovative solution using Artificial Intelligence (AI) to
extract N P K information from direct spectral reading was successfully demonstrated.
Concerning the biosensors, DNA aptamers used in the design of imidacloprid and pirimicarb
biosensors were successfully obtained and tested with nutrient-rich wastewater samples
collected from Konya Basin in Turkey.
 An easy-to-use, robust and fault-tolerant fertigation controller, to meet both crop needs
and grower yield/costs expectations.
 Validation and demonstration of the applicability of developed technologies at different
sites covering several types of crop production systems (recycling or cascaded water
systems) from greenhouses to open-field agriculture in various climatic regions.
 Monitoring and Control Products available for the market.
 Policy report that couples the best practices of NPK and biosensors with targets of selected
EU regulations.

Success factors and performance indicator
AGRINUPES was built on the extensive experience of the consortium members, regarding their
competence and early work conducted on optical fibre-based sensors, biosensors, water policy
models, plant cultivation and nutrition, smart irrigation scheduling and robust control. It was
conducted by a trans-disciplinary team of experts involving multi-actors. The demonstration
sites were open for visiting by farmers, suppliers, scientists, water authorities and policy makers.
Relevant stakeholders joined the regional User Network Groups (UNG) set-up at the demo-sites,
and were informed about the research, results and status of the development of the
technologies. The new sensors will lead to worldwide new markets for European
irrigation/fertigation technology sector, thus strengthening the competitiveness and growth of

AGRINUPES | 4

SMEs and related companies. The achieved solutions will potentiate a significant increase of
water and fertilizer use efficiency in the agricultural/horticultural sector, longer and economic
reuse cycle for the drainage water, and prevent/reduce pollution of surface and ground waters
by fertilizers and pesticides.

In Section 2, the methods and results achieved with the AGRINUPES project are presented. The
work was performed from April 2017 to December 2021 (M1 to M45) and the following remarks
are made to contextualize the implementation development. During the 2nd and 3rd years of the
project some delays have occurred mainly due to technical difficulties regarding the
development of both the NPK sensors and biosensors. Consequently, some of the defined
milestones and deliverables were also delayed in the project execution. The effect of these
delays over the WPs related with the execution of tests, demonstration and validation were
minored by performing some of the tasks in parallel, such as the tasks of WP3 regarding the
experiments to validate the sensors. Furthermore, some of the tests were limited in time to
what was viable and strictly necessary in order to comply with the defined deliverables and
milestones. During the last period of the project the pandemic situation of COVID made it
difficult to carry out communication and demonstration actions within WP7. To overcome this
factor, some of the actions were carried out using online tools.
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2. Methods and Results
In this section are described the methods and results achieved concerning the work developed
under WP2 to WP7, being also referred the coordination actions involved within WP1.

2.1.

WP1: Coordination (MGT)

The WP1 has as main objective to assure the quality and efficiency of the project management
at non-scientific level. In this WP were addressed issues related with: General Assembly
meetings, Technical meetings, internal communication within the consortium, risk
management, administrative issues, managing the consortium, organizing the work, managing
reports and assuring the quality of the project reports and deliverables, among others.

2.2.

WP2: Sensors development (RTD)

The goal of WP2 was the development of new sensors for real time determination of nutrients
(NPK) and biosensors for PPP (Plant Protection Products). For this purpose, new optical fiber
based technologies were explored. In particular, multilayer polymeric materials were tailored to
obtain a modification of its optical properties in the presence of the target analytes, and later
combined with compact optoelectronic interrogation systems to configure operational sensors.
For the biosensors, electrochemical biosensors (aptasensors) were designed, optimised and
tested. The use of aptamers as recognition element for target molecule was the innovative
aspect of this new onsite sensory device. Among the project partners, EGE prepared aptamers
as high affinity capturing agents for the target agrochemicals, which were chosen as models.

T2.1: NPK-sensors
The optimization of any fertigation system relies on the accurate measurement of the nutrient
concentration in real time. For this purpose, it is mandatory to have a reliable sensing system
capable of rapid measurement of the concentration of each relevant analyte in order to provide
timely feedback. Such sensors should be able to function in a diversity of operational
environments, sometimes in harsh conditions, depending on the type of crops and production
specifications. This requires a robust technology able to operate in wet conditions without
suffering from corrosion, and a modular approach where the sensor performance can be
adapted to different ranges of concentration which will depend on the type of crop and point of
operation for each system.
For these reasons, and in order to respond to the challenge embraced, the NPK sensor delivered
by AGRINUPES relies on optical sensor technology. Optical based sensors have several
advantages making them suitable to operate in harsh environments. Particularly when
associated with optical fibres, optical sensor technology offers the ability for remote real time
operation, immunity to electromagnetic interference and resistance to corrosion. Owed to great
developments in the field of optoelectronics, nowadays a diversity of optical sources, detectors
and filters are available that allow to assemble low-cost versatile optoelectronic platforms,
suitable for the implementation of a diversity of optical sensing configurations. In particular,
optical based chemical sensing, relying in different optical properties (intrinsic or indicatorAGRINUPES | 6

based colour or fluorescence change, refractive index, etc.), can be implemented with compact
robust systems.
Considering the diversity of operational conditions faced by AGRINUPES, a focus was given on
the development of optoelectronic platforms that are compact and modular, and mostly based
on off-the-shelf components (LED, photodetectors, CCD, optical fibres), which can be readily
combined with adequate sensing layers, to configure chemical sensors with the adequate
characteristics of each application, if required/when possible.
Several modular solutions for optical sensing were tested and compared. Following initial tests
with indicator-based sensing and considering several problems of stability and reversibility
detected, alternative solutions were pursued. Most promising solution was shown to be direct
spectrophotometric detection in the UV-VIS range, assisted by artificial intelligence to cope with
the interferences arising from the complexity of the samples during real operation.
Regarding the optoelectronic platform, the high-level architecture of the sensing system
proposed for AGRINUPES can be observed in Figure 1. The system interfaces with a flow system
carrying the irrigation water by means of a probe system, which is excited and interrogated by
means of adequate optoelectronic modules most of the times using an optical fibre of adequate
length and characteristics adapted to the sensor optical properties. The whole system is
controlled by several electronic modules performing control, signal processing and calibration
function, allowing to obtain the concentration values of the target chemical species.

Figure 1. Schematic diagram showing the high-level architecture of the modular sensing system.

Depending on the chosen analytical approach, the sensing principle can take different
configurations: it can be either a solid-state fibre-optic-based optrode (where a fibre is coated
directly with a sensitive layer) or a flow cell style interface in order to sample in a continuous or
semi-continuous mode, either by optical detection or by resorting to adjuvant reagents for
chemical determination.
In the optoelectronics module, compact dual lamp (Deuterium-Halogen) can be used for
excitation ensuring a relevant spectral range in the UV-VIS. Alternatively, LED based sources can
be used instead, due to their low cost and the fact that they are currently available in a wide
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range of wavelengths, power output and geometries. Halogen-Deuterium lamps and different
types of LED were tested, depending on the target sensing configuration.
Regarding the detection part, several distinct solutions were tested as well, from simple high
sensitivity photodetectors (Si based, responsive in wavelengths ranging from 350 nm to 1000
nm), to more sophisticated Red, Green or Blue (RGB) type detectors, in which each device has
three Si photo detectors, each with a filter to make it selective to the RGB region of the
spectrum. For the final prototype, where higher spectral resolution was required, miniature CCD
spectrometers (340 nm-850 nm, with 288 pixels) was used instead. The different types of
components were tested in a wide variety of arrangements, following the architecture specified
in Figure 1, which were designed to suit specific operational conditions and sensing schemes.
Off-the-shelf control boards such as the Arduino (based on ATMega) as well as
STMicroelectronics type microcontrollers (e.g. STM32F091RC), were used to power and control
the optoelectronics and fluidic components via an USB interface. In Figure 2 the sub systems
(Tungsten Deuterium Lamp, Fluidic system and Mini spectrometer) and integrated version of
the final prototype are shown.

Figure 2. AGRINUPES prototype subsystem configuration (up) and integrated device assembled (down).

In parallel with hardware development, and in order to provide user friendly interfaces,
adequate firmware and software using C/C++ and LabView were produced for control and
readout of the different sensing platforms. In Figure 3, a snapshot of the front end of the control
and processing software can be observed (highlighted panel for the different submodules
include: Data monitorization/automation; Components information; Data saving; Lamp control;
Sample pump control; Data acquisition parameters). In addition, for advanced signal processing
an AI module was operated in the background using proprietary algorithms.
A diversity of tests was made to select and optimize the final configuration to fit different sensing
schemes and expected operational scenarios. Regarding the calibration and testing with SelfLearning AI, following initial test where detection of NPK was extracted by simple spectral
intensities at selected bands, it was verified that such method was working only in the cases of
very clean laboratorial solutions (i.e., without impurities or debris). Several interferences were
identified between the different nutrients and other external components which rendered this
simple method unusable in standard systems. Therefore, a system based in AI dedicated to the
spectral analysis of complex samples was implemented. To calibrate and test the system in a
more realistic conditions, Hoagland solutions were introduced in the testing procedures by
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suggestion of the consortium partners. This solution is widely accepted as a general model for
more complex solutions similarly to greenhouse samples.

Figure 3. Snapshot of one of the user interfaces developed to program and control the platforms based
on the miniature CCD spectrometers.

Laboratorial testing methodology comprising on a factorial design assay was performed. Based
on Hoagland´s nutrient recipe, 83 different nutrient matrices were prepared, each one with its
own specific concentration of nutrients – nitrogen, phosphorus, and potassium (NPK). This
strategy allowed the variation of one parameter individually, maintaining the remaining
constant, enabling the individual variations as well as their correlations to be obtained. The
preparation of this solution is fairly complex and has contributions from 10 (ten) different
reagents. The final macro- and micronutrients concentrations are shown in Table 1.
Table 1. Half strength Hoagland Solution ionic species concentration; * the ratio of ionic forms depends
on the pH of the nutrient solution; ** the ratio of ionic forms depends on the pH and O2 level within the
nutrient solution.
Concentration
Element
Ionic form
(ppm)
(mM)
Macronutrients
+
Potassium (K)
K
117.29
3.00
Calcium (Ca)
Ca2+
80.16
2.00
2+
Magnesium (Mg)
Mg
24.31
1.00
Total N
105.06
7.50
Nitrogen (N)
N(NH4+)
7.01
0.50
N(NO3 )
98.05
7.00
Phosphorus (P)
Total P (HPO42-; H2PO4) *
15.49
0.50
Sulfur (S)
SO4232.08
1.00
Micronutrients
Chlorine (Cl)
Cl0.324
9.15
3Boron (B)
BO3
0.250
23.12
2+
Manganese (Mn)
Mn
0.251
4.57
Zinc (Zn)
Zn2+
0.025
0.38
2+
Copper (Cu)
Cu
0.0102
0.16
Molybdenum (Mo)
MoO4
0.0053
0.06
Iron (Fe)
Fe2+; Fe3+ **
2.500
44.77
Sodium (Na)
Na+
1.029
44.77
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The execution of a sampling matrix was performed similarly to the previous study: to a common
baseline sample – the Hoagland solution – different incremental concentrations of N, P and K
were added.
In order to achieve an increment of N, P and K to the baseline solution without adding further
ionic species that might, consequently, increase any interferent behaviour, the stock solutions
consisted of the same ionic elements already present in the Hoagland solution. The stock
solution of N consisted on NaNO3 and NH3, the P stock was composed of H3PO4 and the K solution
of KCl. The acidic behaviour of the P stock solution was not an issue to the robustness of the
assay as the added volume was, at least, 2 (two) orders of magnitude smaller than the final
volume. The tested concentration range was as depicted in Table 2.
Table 2. Tested concentration ranges for nitrogen, phosphorus and potassium.

Concentration (ppm)
N
P
K
Minimum
Maximum

103,17
554,85

15,06
515,35

113,78
516,45

N

Concentration (mM)
P

K

7,37
39,61

0,49
16,64

2,91
13,21

Regarding the results, the data compilation obtained on the execution of this matrix can be
observed in Figure 4.

(a)
(b)
Figure 4. Compiled spectra without (a) and with scatter correction (b).

Considering the particularly complex nutrient matrix present in solution, synergetic (e.g., pH) or
antagonistic effects (e.g., signal masking or overlapping) cannot be disregarded. Therefore,
analysis cannot be a simple measurement of physical parameters but a combination with
iterative mathematical calculations that allow the unmasking and clarification of the real
measured property (e.g., concentration).
Accordingly, collection of spectral data and cross correlation with the concentration information
for each solution was performed. Spectroscopy signals were processed accordingly to the
method published in the paper Big data self-learning artificial intelligence methodology for the
accurate quantification and classification of spectral information under complex variability and
multi-scale interference (2018, Martins, R.C.). Nevertheless, using advanced signal processing it
is possible to train the system to recognize and extract the information from the relevant
features, incorporating multi-scale interference into the NPK quantification models.
The correlation of the different levels among the NPK nutrients of the matrix design can be
represented as displayed by Figure 5a, whereas Figure 5b shows the corresponding recorded
spectra in the UV-Vis region (circa 200 - 650 nm) of the factorial design samples. As expected,

AGRINUPES | 10

most of the systematic spectral variation occurs at 250 to 350 nm, and, to a lesser extent, to
500 nm. This figure provides evidence that information about P and K is present, because, even
to the naked eye, one can observe that there are more spectral patterns in the region of 250 to
350 nm than the expected nitrogen levels of the experimental design; that is a good indication
that the interferences between all the constituents are being registered on the spectra. The
principal component analysis (Figure 5c) scores plot of the corresponding experimental design
spectra is shown, where the different colours represent the different levels of total nitrogen.
The main variance present in the spectra corresponds to the nitrogen absorbance, where the
first principal component is highly correlated to the nitrogen content. It is also possible to see
that the K-level information is embedded inside each N-concentration level. Analysis of the
second component allows to unveil that information of K-level also carries the information of
the different P-levels of the sample matrix (Figure 5d).

(a)

(b)

(c)

(d)

Figure 5. Sample distribution of the NPK full factorial design (a), whole matrix data (with scatter
correction) of the relevant wavelengths of the obtained spectra (b) and its corresponding principal
components analysis (PCA) and the information of K-levels within the N-levels (c) whereas (d)
demonstrates the information of P embedded within K-level groups.
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From the data mentioned on the Figure 5, it is also possible to deploy a Venn diagram that
demonstrates, in a visual manner, how the NPK information may be organized (Figure 6) within
the acquired data.

Figure 6. Venn diagram of the possible organization of data contained within the acquired spectra.

Using the data obtained from the executed matrix, it was possible to train the Self-Learning AI
of the system in order to quantify N and K with an error (correlation) of 6.7% (0.997) and 3.8%
(0.987), respectively, and to obtain qualitative results for P, as shown in Figure 7.
The system was evaluated in several situation with different solutions from growers and
experimental systems. Also, the sensor prototype was replicated and tested by the partners at
RISE and WUR. The details of the test performed can be found in the corresponding deliverables
and are summarized in the conclusion bellow.

(a)

(b)

(c)

(d)

Figure 7. Matrix results for total N (a), total P (b), total K (c) and also pH (d). Quantitative results for N
and K, whereas qualitative results for P are possible to be inferred.

In conclusion, a diversity of tests was performed with increasing complexity, starting from
reference lab solutions, Hoagland solutions, solutions prepared from the precursor fertilizers of
the growers, to real samples collected in situ. These tests allowed to continuously fine tune the
prototype, both in terms of hardware and control and processing software. Finally, the final
prototype was demonstrated to growers at two commercial farms (located in Porto District,
Portugal) for on-site testing and validation. In those demonstration events, no sample
preparation was required, since no obvious suspension particles were observed in collected
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samples. Analyses were performed on site, with no counter analysis of the chemical parameters
being performed except for EC and pH. The latter was confirmed to be approximately 6.00, in
agreement with the average of the obtained values (5.70).
Overall, it was observed that the sensor presents a good performance while operating with the
reference solutions and Hoagland solutions, which were used to establish the AI reference
database. When going to more complex solutions, it was observed that the spectral feature
space was expanded outside the reference feature space. For those solutions still in the feature
space, it was shown that good predictions were still obtained (error <10%). However, for those
samples laying well outside the reference feature space, the prediction was not usable. In spite
of this, it was shown that if the new solutions are measured with a reference method, this
information is incorporated in the database, thus allowing the new extended system to recover
its performance to useful level.
This way, the results demonstrate the feasibility of real-time NPK measurement. However, for a
real operation to be successful, the system has to be trained with the real samples from the
target location (which for this purpose have to be characterized with a reference method).
The NPK spectroscopy sensor was developed in order to be able to cope with increasing
interference complexity of fertilizer solutions in greenhouses. The current system’s performance
is adequate for Hoagland solutions, which are used in research and high-end hydroponic
systems. When this system was subjected to extrapolation stress tests using fertilizers and
drainage solutions significantly different from the Hoagland solutions, two different conclusions
were obtained: (i) fertilizers with some similarity in their optical properties have a very good
performance in terms of N and K extrapolations, but poor results in P and; (ii) in nutrient
solutions with completely different optical properties than those from Hoagland solutions,
extrapolation of NPK composition is not feasible using the current technology.
The results obtained in AGRINUPES set the state-of-the-art for NPK spectral determination. In
order to solve this state-of-the-art of spectral NPK determination, developments must be made
to: (i) expand the knowledge base into a big database of NPK fertilizers and drainage solutions
and; (ii) increase the robustness of algorithms to cope with extrapolation by determining
interference-free spectral information for N, P and K.

T2.2: Biosensor development
Pesticides are substances which are used to eliminate or repulse certain plant forms or parasites
that are considered harmful. Pesticides have an important place in agriculture according to their
economic production and ease of use. The term pesticide includes fungicides rodenticides,
herbicides and insecticides. Among these, insecticides usually contain carbamates,
neonicotinoids and organophosphates. In an ideal situation, a pesticide should be targetselective/specific remaining innocuous or inactive for to non-targets, including humans. Since
this is not the case, the discussion of pesticide’s use and abuse recently gained momentum.
Neonicotinoids (Neonics) are a type of insectides that feature neuro-active effects and are
usually known as synthetic nicotine. Neonics act on the nicotinic receptors of the nervous system
by inducing over-excitation until permanent nerve failure is achieved. Neonics are persistent in
the environment as they have been found in fresh water, groundwaters, soil, plants and foods.
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Insecticides in this group include acetamiprid, dinotefuran, thiocloprid clothianidine and
imidacloprid (Imi). Imi (1 -(6-chloro-3-pyridinylmethyl)-N-nitroimidazolidin-2-ylideneamine) is a
nitromethylene insecticide which has compelling insecticidal activity at low concentration (0.3
mg/L) and it has been widely used since late 1990s due to its potential insecticidal effectiveness.
Imi was developed to replace other insecticides such as carbamate and organophosphate.
Carbamates are different of carbamic acids as they inhibit acetylcholinesterase enzymes and
stimulate the nervous system but cause toxicosis in a variety of animals, including humans.
Pirimicarb (Carb) (2-dimethylamino-5,6-dimethyl-4 pirimidinyl N,N-dimethylcarbamate) has
been classified as a likely carcinogenic compound to humans by the European Environment
Agency (EEA) and the European Union has restricted the maximum permissible concentration
for a single pesticide to 0.1 μg/L in drinking waters.
Point-of-care (POC) tests are used for detection of analytes such as nucleic acids, proteins,
dissolved ions and gases, drugs in samples such as serum, urine or saliva. These tests are widely
used globally due to their advantageous properties. Recently, biosensors have used in POC
analysis due to being specific, portable and low cost. Biosensors are remarkable instruments in
different areas such as clinical, environmental and food analysis. The working principle relies on
a biochemical reaction between analyte and biomolecules.
Regarding
the
materials
for
the
experiment,
the
ssDNA
library
(5′AGGAATTCAGATCTCCCTGCAG–(N40)–CTCGAGGAGCTCAGGATCCCG-3′) consisted of a central
random region of 40 nucleotides and was purchased from Alpha Diagnostic Intl Inc. (San Diego,
TX, USA). Graphene oxide sheets (catalogue number 763713) and graphene oxide dispersion
(catalogue number 763705) were purchased from Sigma-Aldrich (Munich, Germany).
Analytical standards for imidacloprid (Imi), pirimicarb (Carb), cysteamine hydrochloride,
glutaraldehyde solution (Grade II, 25%), potassium hexacyanoferrate (III) [K3Fe(CN)6], and other
chemical reagents were purchased from Sigma Chemical Company (St. Louis, MO, U.S.A.). All
other chemicals were analytical grade.
Concerning the apparatus, differential pulse voltammetry (DPV), cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) was carried out using a PalmSens Potentiostat
(Palm Instruments, Houten, Netherlands). A three-electrode system was used, consisting of an
Ag/AgCl (3.0 M KCl, Metrohm, Switzerland) electrode as reference electrode, a platinum
electrode as a counter electrode and gold electrode as a working electrode. Experiments were
carried out in a 10 mL phosphate buffer (50 mM, pH 7.4) with 5.0 mM Fe(CN)63−/4− and 0.1 M
KCl. All measurements were carried out in ambient conditions. Wastewater was obtained from
the Konya Closed Basin (Turkey).
For the immobilization of Imi-21 Aptamer on the Gold Electrode Surface, the gold electrodes
were treated with a chemical immersion in H2SO4, 10 cycles of cyclic voltammetry CV were
carried out between -1.5 and + 1.5 V at 50 mV/s. Cycling the electrode potential in sulfuric acid
solution is one of the most common electrochemical cleaning techniques. After chemical
treatment, the gold electrodes were polished with 1.0, 0.5 and 0.3 μm alumina slurry followed
by rinsing with distilled water and sonication in pure ethanol and water (1:1) for 2 min. Finally,
the electrode was rinsed thoroughly with distilled water. Polished gold electrode surface was
coated with 10 μL aptamer (from 100 μM stock solution) with the final concentration of 25 μM
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which was dissolved in phosphate buffer containing 5.0 mM MgCl2 (10 mM, pH 7.4) and allowed
to dry for 1 h at room temperature. This step allowed the creation of Au-SH linkage between the
electrode and the aptamer. After, the electrode was thoroughly rinsed with water to remove
the unbound aptamer. Finally, the electrochemical response signal of aptasensor was tested by
dropped analyte (10 µL) with known concentrations on the surface and allowed to incubate for
30 min. Afterwards, DPV measurements were conducted to evaluate analytical performance of
the aptasensors. Throughout the study, all the data related to analytical performance were
obtained from DPV measurements by using a water soluble redox probe (Fe(CN)63-/4- in 5.0 mM,
in 0.1 M KCl) with a potential range of -0.4 to +0.8 V. DPV signals were recorded before and after
the treatment of the surface with the analyte. This method was adapted from the previous
literature. Schematic representation of the method is given in Figure 8.

Figure 8. Schematic representation of the surface preparation and the basis of measurement.

For the immobilization of Carb-17 Aptamer on the Gold Electrode Surface, Bare gold electrode
surfaces were cleaned according to the previously mentioned method. 20 µL 100 mM
cysteamine (Cys) was dropped on the electrode surface and incubated 1 h at room temperature.
Stock solution of Carb-17 aptamer was prepared according to aptamer folding procedure
described previously. 10 µL of glutaraldehyde (2.5%) and 10 µL of aptamer was dropped onto
the bare gold electrode surface and incubated for 1 h at room temperature. Following
incubation, the electrode was thoroughly rinsed with water to remove the unbound aptamer.
Finally, the electrochemical response signal of the aptasensor was tested by dropping the
analyte Carb (10 µL) with known concentrations.
Regarding the results, related with surface modification of Imi-21 aptasensor, for detection of
Imidacloprid, the surface modiﬁcation was conﬁrmed by CV and EIS techniques. First,
electrochemical behaviour of bare gold 6quivalen, gold 6quivalen/Imi-21 Aptamer, gold
6quivalen/Imi-21 Aptamer/Imi before and after analyte capturing were compared regarding
their current responses in the presence of the redox probe. CVs, as a 6quivalen step-by-step
surface modiﬁcation and analyte binding are given in Figure 9 (a). Moreover, based on EIS
measurements, convincing evidence for successful modification of the electrocatalytic
interfaces was obtained. Figure 9 (b) shows the Nyquist plots of impedance spectra measured
on the gold electrodes after each modification step.

AGRINUPES | 15

(a)
(b)
Figure 9. (a) Electrochemical characterization of step-by-step surface modiﬁcation obtained by CV with
potential range from −0.4 to +0.8 V at a scan rate of 50 mV/s. Bare gold 6quivalen, gold 6quivalen/Imi21 Aptamer, gold 6quivalen/Imi-21 Aptamer/Imi; [Imi: 10 ng/mL]; (b) Nyquist diagrams of aptasensor for
Imi. [Measurements were carried out in 50 mM sodium phosphate buﬀer (pH 7.0) in the presence of 5.0
mM [Fe(CN)6]3−/4− and 0.1 M KCl. Nyquist plots were ﬁtted according to Randle’s equivalent circuit which
was placed into the graphs.]

Concerning the analytical performance of Imi-21 aptasensor, the current signals were obtained
from the diﬀerence between the peak current of aptamer-modified electrode and the peak
current of standard analyte added to gold electrode/Imi-21 Aptamer electrode. As shown in
Figure 10, there was a considerable decrease in the DPV signals after the analyte immobilization
step. Based on these findings, a calibration graph for Imi was obtained. The calibration curve
was acquired for Imi and linearity was deﬁned by the equation of y=0.018x+0.333, (R2=0.988),
(Figure 11). The linearity was observed in the range of 0.1-50 ng/mL, for Imi. The signal decrease
after 50 ng/mL concentration indicated that the sensor surface reached the saturation point
with an increase in the amount of analyte. In addition, standard error of slope value and
intercept value were calculated as 0.001 and 0.029, respectively. The limit of detection (LOD)
and repeatability were also determined to examine analytic performance of the sensor. The
repeatability was calculated with 9 successive measurements. The standard deviation (SD) and
coefficient of variation were calculated as 0.056 and 3.65%, respectively, and the LOD was found
to be 0.19 ng/mL. Moreover, reproducibility of electrode-to-electrode was also investigated and
a relative standard deviation (RSD) value was determined as 4.46% from measurements made
with 3 different sensors in various days.

Figure 10. DPV curves of Gold Electrode/Imi-21 Aptamer/Imi for analysis [Measurements were carried
out in 50 mM sodium phosphate buffer (pH 7.4) containing 10 mM [Fe(CN)6]3−/4− and 0.1 M KCl.].
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Figure 11. Plotting of calibration curve assay with gold electrode/Imi-21 Aptamer for Imidacloprid,
generated by DPV technique; obtained calibration curve displayed on the inset. [Error bars shows ±S.D.].

For determination of selectivity of the sensor, additional experiments were conducted with
possible interfering molecules such as an Imi and Carb mixture, 6-CN, Carb, wastewater,
thiamethoxam and thiacloprid. Under the same experimental conditions, 10 ng/mL of each
possible interferent molecule was added to the aptasensor surface. Responses were found as
104.6% for Imi-Carb mixture; 64.45% for 6-CN; 9.36% for Carb; 9.16% for wastewater; 9.33% for
thiamethoxam and 14.81% for thiacloprid (Figure 12). The designed aptasensor platform
showed lower response to the selected interference molecules. However, the response to 6-CN
was the highest among the others. Since aptamers fold into unique structures and bind their
targets via non-covalent interactions, we hypothesized that the common aromatic ring of Imi
and 6-CN could be important for aptamer recognition. The aptasensor response to thiacloprid
possessing the same aromatic ring was much lower, but interestingly it was slightly higher than
the responses to the structurally different Carb and thiamethoxam. Response of interfering
molecules for biosensors can’t be significant with values of 30% and lower. Therefore, the
biosensor's response to wastewater and carb can be ignored.

Figure 12. Response of the Imidacloprid sensor for different interference molecules.

For the analytical performance of Carb-17 aptamer various concentrations of Pirimicarb (0.1-10
mg/nL) were applied to evaluate analytical performance of the sensor. The calibration curve is
shown in Figure 13. Linearity was obtained between 0.1-5.0 ng/mL and linear equation of curve
was determined as y=0.485x+4.683 (R2=0.984). The signal decrease after 5.0 ng/mL
concentration indicated that the sensor surface reached the saturation point with an increase
in the amount of analyte. In addition, standard error of slope value and intercept value were
calculated as 0.044 and 0.125, respectively.
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Figure 13. Calibration curve of Gold electrode/Cys/Carb-17 Aptamer for Imidacloprid, generated by DPV
technique, [Error bars shows ±S.D].

For determination of selectivity of the sensor, additional experiments were conducted with
possible interfering molecules such as a 6-CN, thiamethoxam and thiacloprid. Interference
molecules have responded on the sensor platform (Figure 14). Response of interfering
molecules for biosensors cannot be significant with values of 30% and lower. Therefore, the
biosensor's response to wastewater and imi can be ignored.

Figure 14. Response of the Pirimicarb sensor for different interference molecules. The response signals
were obtained via DPV measurements.

Regarding the Konya Closed Basin wastewater results, wastewater sample from research field
was tested. The target analyte (Imi) was not detected in wastewater. As shown in Figure 12 and
Figure 13, the biosensor system did not detect Imi and Carb in wastewater. For that reason, a
certain concentration of Imi and Carb were added to the wastewater and the recovery was
calculated. Following addition of Imi and Carb into the wastewater, the biosensor response was
compared with that of standard solution. As shown in Figure 15 and Figure 16, a good recovery
percentage was obtained. The results showed that the biosensor could be successfully used in
real sample. Moreover, there was no interference effect from sample matrix. We also tested the
Carb biosensor against interference molecules. However, we observed that the biosensor also
responded to Imi. We concluded that the aptamer selectivity was poor. Therefore, we repeated
the aptamer selection process and obtained new aptamers.

Figure 15. Testing of biosensors via research field. [Measurements were carried out in 50 mM sodium
phosphate buffer (pH 7.4) containing 50 mM [Fe(CN)6]3-/4- and 0.1 M KCl].
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Figure 16. Testing of biosensor via research field. [Measurements were carried out in 50 mM sodium
phosphate buffer (pH 7.4) containing 50 mM [Fe(CN)6]3-/4- and 0.1 M KCl].

Also, wastewater samples from Bleiswijk, the Netherlands, were tested. The water samples
named S1, S2, S3, S4 and S5 were analyzed using screen printed gold electrodes (SPGE). The
linear range obtained for Imi in the sensor system was between 0.05-1 ng/mL. The values we
obtained for each point in the standard chart are given in Table 3. The values obtained from the
sensor system for S1, S2, S3, S4 and S5 water samples are given in Table 4. The response from
the wastewater samples appeared below the value in the linear range. According to the
responses received from the sensor (Table 3), no pesticides were found in the wastewater. Then,
water samples were examined by chromatographic analysis to ensure the accuracy of the
sensor. It was observed that there was no pesticide in wastewater which was correct.
Table 3. Signal responses of the sensor obtained at each concentration in the calibration graph.

Concentration (ng/mL)

Current Signal (ΔµA)

0.05
0.1
0.5
1.0

3.71
7.70
12.33
17.25

Table 4. Signal responses of the sensor from wastewater.

Wastewater

Current Signal (ΔµA)

S1
S2
S3
S4
S5

2.48
1.33
2.32
3.11
2.89

In conclusion, Carb-17 aptamer and Imi-21 aptamer that were developed was applied on the
electrochemical biosensor system. Different surface modifications were assessed on the gold
electrode surface. The aim of these studies was to observe the analytical performance and
selectivity of the oligonucleotide sequences. Analytical studies have assessed the efficacy of
aptamers. It tested the presence of interfering substances and molecules which interfere with
the sensor system.

2.3.

WP3: Laboratory evaluation + semi-practical scale testing (RTD)

The objective of WP3 was to test and validate the nutrient and pesticide sensors under
laboratory and (semi-) practical scale conditions typical for horticulture production. The sensors
were tested for response time, measuring range, selectivity, repeatability, lifetime and influence
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of temperature and pH. Along with the validations in (semi-) practical scale conditions, a Best
Management Practice for these sensors was developed.

T3.1: Defining testing methods, target waters and best management practices
AGRINUPES developed two type of sensors for water management purposes. The first sensor is
an ion selective nutrient (NPK) sensor for use as on-line feedback system for water and nutrient
management systems in horticulture. The second one is a biosensor for plant protection
products.
The first task of WP3 (T3.1) aimed to define the target waters, testing methods, and best
management practices. As a first step (T3.1.1 - Defining types of target waters), it was defined
the types of different agricultural and horticultural water systems or environments for which
the sensors can be used as well as the typical characteristics of these. This included the definition
of ranges in pH, temperature and composition (nutrients, ballast ions (e.g. Na+), pesticides,
organic matter, etc.). Based on this, different representative “test waters” were taken for the
laboratory tests (T3.2, T3.3) and the semi-practical tests (T3.4). This study served as an input to
setting the target specifications of the sensors. The target specifications were used for
developing the sensors, in WP2.
Deliverable D3.1 describes the targeted environmental conditions, targeted specifications of the
NPK optical sensor and biosensor for plant protection products, as well as the test waters
proposed to be used for laboratory testing. The presented targeted sensors specifications were
used by INESC TEC and EGE as a first indication for the development of the two sensor types.

T3.2: Setting up laboratory environment
The facilities were set within the division RISE Bioscience and Material where there are
competence and expertise in both organic and inorganic chemistry. In addition, RISE have
knowledge about sensor technology and horticultural production resulting in relevant
laboratory tests and validations regarding horticultural applications. The laboratory tests and
validation of the NPK and PPP sensor was conducted at two of our national sites: Lund and Växjö.
There are several aspects that are important for the sensors to be usable in horticultural
practice. These requirements were taken into consideration when the sensors were tested to
get the sensors suitable for practical use. The sensors were tested for the parameters: range,
selectivity, life-time, response time and repeatability.

T3.3: Testing and validation of the sensors under laboratory conditions
Knowledge of the water status regarding both nutrients and chemical residuals is very important
for greenhouse growers. For knowing absolute values of nutrients or chemical residuals the
growers normally send water samples to laboratories which takes time before the growers gets
the analysis results. Real-time sensor systems for measurements are therefore useful to
growers. In this task the sensor systems were tested and evaluated.
For nutrient sensing a fibre based optical sensing system, based on UV-VIS spectroscopy, was
built and evaluated. The sensing system was tested under laboratory conditions regarding
response time, measuring range, selectivity and repeatability in both simple solutions with only
one present macronutrient and in more complex solutions with both macro and micronutrients.
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The complex solutions were based on Hoagland solution. Greenhouse waters can contain other
materials as well e.g. organic material or pesticide residue which has been tested in deliverable
D3.4. The optical sensing unit has fast response, a measuring range that covers the practical
needs within agricultural and horticultural use and a good repeatability. In a complex solution
there are a lot of interfering ions which partly can have overlapping information in the spectra.
Both linear and self-learning artificial intelligence calibrations have been investigated for the
NPK sensing system. The linear calibration worked well for measuring nitrate and nitrite but not
for phosphorus or potassium. Therefore, a self-learning artificial intelligence (SL-AI) calibration
algorithm was introduced and tested. The SL-AI algorithm searches for a co-variance mode that
allows the correct quantification of the parameter in relation to its interference and matrix
effect. The aim with this method was to better use deeper information in the spectra in order
to predict P and K in which linear calibration methods have problems with. Calibrations with the
SL-AI algorithm were made, and moderate correlations were found for phosphorus and
potassium with the present data in the algorithm.
The biosensor for imidacloprid, is based on an aptamer for the specific pesticide recognition and
electrochemistry on screen printed electrodes for quantification. The aptamer tested responded
to imidacloprid in low levels. An easy to use in-situ device, as a dip-stick, may emerge from this.
The lower limit of detection is now around 10 ppb and the upper working limit in the measuring
solution is around 50 ppb. The limited working range of 10 – 50 ppb needs to be improved. The
development of new aptamers is prioritized as this is directly related to the limit of detection.
The low limit value for imidacloprid in surface waters is well below 0.1 ppb in most countries.
When the range has been expanded there is a large potential in this biosensor making it possible
to give a direct answer to if the water contains imidacloprid or not.
The biosensor performs well in a laboratory setting with controlled samples, but not yet on-line
in-situ in the greenhouse with unknown samples.

T3.4: Testing and validation of the sensors under (semi-)practical scale conditions
According to the EU Water Framework Directive the emission of nutrients and plant protection
products to water bodies should be reduced dramatically. In practice, threshold values for water
bodies are exceeded due to leakages, discharges and unexpected problems from greenhouse
facilities. Nitrate eutrophicates surface water. In soilless cultivation in The Netherlands,
recirculation is mandatory, and discharge is regulated to yearly crop specific nitrogen
concentrations. However, water authorities still measure exceedances in surface water, leading
to an interest in having real-time and reliable measurements of nitrogen or nitrate for a faster
intervention.
Adjustments in nutrient recipes in Dutch greenhouses are based on a 7-14 days analysis of drain
water by sending it to a laboratory. This practice is suboptimal since the loss in nutrients is higher
than necessary and it might even reduce crop development. Besides, it is time consuming and
often expensive. In areas where the results of the laboratory are not quickly available, a nitrate
sensor may even play an important role in creating the right solution for the plants. With a realtime measuring nitrate sensor, it is possible to fertigate more accurately which increases the
harvest/quality of the crop with a lower environmental footprint. In addition, such a nitrate
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sensor has also a large scientific value since the dynamic nitrate uptake by the crop can be
studied at a scale of minutes instead of days.
A start has been made to analyse available methods for measuring nitrate. As a result, the
innovative optical fibre-based nitrate sensor using an algorithm designed in WP2 has been
tested in a greenhouse setting at field conditions. Several tests were conducted which shown
that the nitrate measurement is not influenced by EC or ionic composition. Dissolved organic
carbon and turbidity have a small influence on the nitrate measurement, but all the results were
within the desired 10% accuracy. However, more extensive tests should be performed to get a
better understanding of the effect of dissolved organic carbon and turbidity on the nitrate
measurements. This sensor will enhance the efficiency and safety of greenhouse systems with
respect to water reuse and recycling.
The results also shown that the sensor is less accurate to measure nitrate in non-hydroponic
solutions. This might indicate that a different approach is required to create a universal approach
suitable to measure nitrate in hydroponic with very different compositions.
The UV-VIS spectroscopy system in combination with the developed methods can be used for
online monitoring of nitrate concentrations in hydroponic solutions, without the use of any
reagents or need for recalibration, to enhance the efficiency and safety of greenhouse systems
with respect to water reuse and recycling.
The work reported in this task will be presented at the 3rd International Symposium on Soilless
Culture and Hydroponics, in Limassol (Cyprus) on 21-24 March 2021.

T3.5: Demonstration of sensors in (semi)-practice
The Greenhouse industry in The Netherlands is facing strict regulations to decrease the emission
of nutrients (N and P) and plant protection products (PPPs). Growers work together to achieve
the goals. According to the Water Authorities the water quality is slowly improving. Collecting
of rainwater, recirculation, collection of condensation water, emission norms for nitrogen
leading to an almost zero emission for all greenhouse crops by 2027 and purification of discharge
water to achieve 95% elimination of PPPs are the steering factors.
About a quarter (2500 ha) of the Dutch greenhouse area is located in the Westland Region of
The Netherlands. It is a knowledge and capital-intensive area. Here, two third of the area is
soilless grown and the drain water is collected and reused. Soil cultivation in the Westland must
purify discharge water too, and as far as possible reuse the drainage water. Therefore, NPKsensors delivered by Agrinupes could be used by the grower to have an immediate indication of
the N, P and K levels in his circulating nutrient solution, whereas a biosensor for measuring Plant
Protection Products is considered less attractive by the grower. However, water authorities in
the Westland and other regions in The Netherlands would highly value to have a rapid indication
of N, P and K as well as of a Plant Protection Products biosensor. Those sensors can give them a
much shorter reaction time compared to a long-lasting laboratory analysis, resulting in reduced
costs and a higher quality of surface water. Environmental accidents can be detected sooner
with a smaller impact to aquatic organisms.
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2.4.

WP4: Greenhouse recycle (RTD/DEM)

The objective of WP4 was the improvement of fertigation equipment for automatic preparation
of nutritive solution for closed (recirculating) systems in greenhouses. Both control of fertilizers
(NPK based) valves and water flow was researched based on robust control techniques, in order
to minimize energy costs without problems in the current performance, even in the presence of
external disturbances. Also, a new nutrient unit for fertigation was built to integrate and manage
the data of ion concentration related to NPK elements (get from the NPK optical sensors). The
case study under real world conditions for this equipment will contribute to enhance the
competitiveness and innovation of SME, and of the irrigation/water market for agriculture,
through appropriate dissemination and exploitation actions.

T4.1: Robust fertigation controller for nutrient solution and water flow
A small-scale laboratory prototype of the fertigation system was implemented to perform tests
concerning the efficiency and robustness of the control algorithms and hardware (sensors, data
acquisition card and actuators).
The system was tested for growing lettuce in a hydroponic system using the controller to supply
the water and the nutrient solution. The main components of the controller prototype setup are
shown in Figure 17: a small scale hydroponic system composed by 4 tanks (2 for the nutrient
solution, 1 for clean water and another for the drain); 4 tanks for nutrient stock solutions; 4
peristaltic pumps; 4 water pumps; 3 water flow sensors; 2 electrical conductivity/temperature
sensors; 1 pH sensor; 1 air temperature/humidity sensor; 1 solar radiation sensor (PAR) and a
6x45 Watt LED panel to supply artificial light. The system was implemented to receive the NPK
optical sensor.
The control software runs in a PC with a Data Acquisition card SCB-68A from National
Instruments. The sensors and actuators are connected to the data acquisition card using proper
signal conditioning interfaces. The sampling and storage times used were 5s and 5 min,
respectively. The controller was implemented using an incremental version of the PIDProportional, Derivative, Integrative algorithm. To tune and implement an efficient controller it
must be first implemented identification strategies to compute the transfer functions of the
relevant processes and sub-processes and their varying dynamics over time. Several tests were
performed to test the operation of the system being the results presented in the deliverable
D4.1. The validation of the sensor was concluded at the end of the project for Hoagland nutrient
solutions.
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(a)

(b)
Figure 17. a) Schematic diagram of the small-scale hydroponic system and b) picture of the experimental
setup.

T4.2: Development of nutrition unit (fertirrigation)
A prototype of a nutrition unit was developed by RITEC with focus on the demonstration in
greenhouses by using recycling techniques and be used to perform experiments with the
developed NPK sensors. The setup use the following materials: 1 Triphasic air blower, 1 Irrigation
pump PyD U9-200/4 Triphasic, 1 Pressure pump, 5 Fertilizer tanks (200L), 1 Nutritive Solution
tank (1000L), 1 drainage water tank (500L), 3 Plastic Electro valves 1”, 1 Water Counter with
pulses 1 ½”, 1 Filter head 2U automatic 63 mm, drippers pc/cnl 3 l/h, pipes, valves and other
accessories and 1 Nutritec 9600 equipment equipped with 1 pH and 1 CE sensors being the NPK
sensor placed in the same PVC area where the actual two-set of pH and EC sensors are placed.
The NPK sensor provides the data in current and/or voltage signal. In this way, the electronics
and software of the Nutritec 9600 controller was adapted in order to get the new data from
drainage concentration and integrate it into decision maker automatisms. The length of the lines
is 23 meters and the drip rate of approximately 3 l/h. The setup diagram is depicted in the
following figure.
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Figure 18. Schematic diagram of the pilot installation.

The NUTRITEC controller installed on the experimentation field has a double set of pH and EC
sensors to provide a backup set of sensors in case of malfunction of the main set. To integrate
the optical NPK sensor it must be removed the secondary set of pH-EC sensor to place the fibre
probe in one of the free fittings. Since the evaluation and validation of the NPK sensor was
concluded at the end of the project it was not possible to start experiments using the readings
of the nutrients concentrations to estimate on-line the process models and how they vary in
time to tune and optimize the NUTRITEC controller.

2.5.

WP5: Cascade ReUse (DEM)

Work Package 5 was focused on Cascade ReUse Systems (‘CRUs’) in which drainage from soilless
cultivation is used for fertigation of other crops (considered “secondary crops”) that are not the
core business of the farm, where growers dedicate more efforts in the management of the
crop(s) grown in the soilless production system (“main crop”) and from where the drainages are
originated. In ‘CRUs’, those secondary crops receiving the drainage are typically grown on soil,
either in protected cultivation (e.g., greenhouse) or in open-field, as graphically represented in
Figure 19.
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Figure 19. Graphical representation of typical Cascade ReUse Systems (‘CRUs’) in which soilless
production in greenhouse (main crop) is combined with soil-based cultivation system for growing
secondary crops (either in open-field or soil-based protected cultivation) using drainage in fertigation.

As ‘CRUs’ remain widely used in the Mediterranean region, where closed production systems
are poorly adopted, the main objectives of the WP5 included:
 A general characterization of ‘CRUs’ in Portugal (T5.1);
 Assessing the suitability and impacts of ‘CRUs’ on water/drainage quality (T5.2), on soil
quality (T5.3) and at plant level (T5.4);
 Demonstration of the developed NPK sensor in commercial ‘CRUs’ and developing BMP
for using the novel technology in production systems (with particular emphasis in
‘CRUs’; T5.5).
For the general characterization of the Portuguese soilless cultivation sector (T5.1), it was
prepared a questionnaire composed by 32 questions within four main sections, namely (i)
“Characterization of the company”, (ii) “Characterization of the production system”, (iii)
“Characterization of the irrigation system” and (iv) “Characterization of the
phytopharmaceutical products”. The original document was written in Portuguese, but an
English version was also prepared to be shared within the consortium.
Two of the main cooperatives from the Entre-Douro-e-Minho (EDM) region, PAM – Produção e
Distribuição Hortícola do Litoral, L.da and HORPOZIM – Associação Empresarial Hortícola, both
from Póvoa de Varzim, and an important player from the horticultural sector in the West region,
the company Campoeste S. A. (Torres Vedras), were contacted in order to provide help in the
preparation of a list of growers from these regions to be invited to participate in the inquiry.
These regions were selected due to their representativeness in terms of soilless cultivation in
Portugal and the contacts with the cooperatives, companies and growers also aimed at
stablishing networking and promoting dissemination of the project. In order to collect
information in a more precise manner, the questionnaires were preferably applied in person,
which implicated visiting the growers at their farms. Exceptionally, the questionnaires were
applied via e-mail or phone call. Of the regions surveyed, a total of twelve growers have
responded to the questionnaire, ten from the EDM and two from the West region.
All the process related to the questionnaires occurred between April (M1) and October 2017
(M7), and involved their design, application, data analysis and communication of the results
(published in D5.1). All the activities involved in T5.1 allowed the collection of relevant
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information about the agricultural sector in Portugal, that was very scarce and incomplete.
Moreover, the contact list created in this Task, facilitated the selection of farms to be taken as
case studies in following Tasks, and the creation of the Portuguese UNG.
For the monitoring the impact of ‘CRUs’ on the irrigation water quality (T5.2), three commercial
farms using the ‘CRUs’ were selected to be taken as case studies. The selection was based on
the following criteria: (i) inclusion of three different crops with representativeness in soilless
cultivation in Portugal, (ii) differentiated crops in terms of nutritional demand, (iii) differentiated
crops in terms of phytosanitary management, (iv) proximity to FCUP, to facilitate the logistics,
and (v) acceptance by the grower to participate. This selection was supported by the experience
of the FCUP team and by the information collected in T5.1. The farms taken as case studies
included one rose ‘CRUs’ (Fajozes, Vila do Conde), one strawberry ‘CRUs’ (Mindelo, Vila do
Conde) and one Tomato ‘CRUs’ (Adémia, Coimbra).
In order to expand the study, it was decided to collect samples in the Spring-Summer and in the
Autumn-Winter periods, given the different approaches in terms of fertigation management
that are commonly taken by the growers along the year. As such, it was stipulated that each
‘CRUs’ would be visited twice for sample collection and that the drainage solution would be
collected immediately after draining through the growing media (substrate), and from the
reservoirs in which the drainage is retained, for further reuse in fertigation of secondary crops.
In November 2017 (M8) the first sample collection was done in the rose ‘CRUs’, corresponding
to the Autumn-Winter sampling period (Figure 20).

Figure 20. Collection of nutrient solution immediately after draining through the plant growing medium
(substrate).

This sampling included drainage solutions collected from the drainage gutters and from two
reservoirs available at this ‘CRUs’. Since we verified, in situ, that the rosebushes were cultivated
in substrates with different times of use (3 and 5 years), we decided to collect drainage from
these two types of substrates, separately. This was done to assess the effect of time of use of
the growing media in the characteristics of the drainages.
At the day of sampling, the drainages were analyzed for physicochemical parameters (pH,
electrical conductivity, dissolved oxygen) and, in the following weeks, the chemical analyses
comprised the quantification of nutrients (colorimetric methods), metals (atomic absorption
spectroscopy) and commonly used active ingredients in PPP formulations (LC/MS and GC/MS).
These active ingredients to be quantified were selected based on information collected in T5.1.
In parallel, a battery of ecotoxicological assays begun to be performed, consisting in assessing
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the ecotoxicity of the drainages to aquatic species, used as bioindicators. These bioassays were
performed with species commonly used in risk assessment and according to standard protocols
(OECD, ISO). This included organisms from different taxa, namely the microalgae Raphidocelis
supcapitata, the marine bioluminescent bacterium Aliivibrio fischeri and the cladoceran Daphnia
magna, in order to assess the impact of the drainages to living beings from different trophic
levels. Thereafter, all these analyses were performed in the drainage samples collected from the
selected ‘CRUs’ (tomato ‘CRUs’, strawberry ‘CRUs’ and rose ‘CRUs’) in both time points
considered (Autumn-Winter and Spring-Summer).
The preliminary results from this Task (T5.2) supported the decision on the ‘CRUs’ to be selected
for performing the monitoring of the impact of this type of systems on soil. As such, the
strawberry ‘CRUs’ was selected as case study to perform T5.3, because of being considered, by
the FCUP team, as the worst-case scenario among the three ‘CRUs’.
In 2018, in this strawberry ‘CRUs’ the drainage solutions from the soilless cultivation of the main
crop (i.e. strawberry) was being retained in a reservoir for reuse in the fertigation of tomato
plants grown on soil, in a polyethylene greenhouse. In September 2018, it was realized the
collection of soil samples from this greenhouse (Figure 21), including soil irrigated with the
drainages (along cultivation ridges) and a reference soil considered as non-affected by these
solutions (i.e. from the inner end of the greenhouse). In addition, it was also collected soil from
the outside of the greenhouse, considered as representative of the location, to be taken as an
open-field reference soil.

Figure 21. Collection of soil samples in a greenhouse where soil-grown tomato was fertigated with
drainage solutions in a commercial ‘CRUs’.

The laboratory work dedicated to T5.3 included the soils’ physicochemical characterization (pH,
electrical conductivity, density and maximum water holding capacity) and their assessment in
terms of Retention Function (RF), Fertility (F) and Habitat Function (HF). To accomplish these
purposes, the soils were subject to (i) analyses of a large set of PPP active ingredients (> 200) to
determine their content (RF), (ii) analyses of organic matter content and conduction of assays
of enzymatic activity (F) and (iii) ecotoxicological assays with terrestrial species with full soil (HF),
and aquatic species with soil elutriates (RF). These bioassays were performed using earthworms
(Eisenia fetida) and springtails (Folsomia candida) as terrestrial bioindicators, the same aquatic
organisms mentioned in T5.2, and recurring to standard protocols (OECD, ISO) which are
regularly used by the FCUP research team (Figure 22).
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(a)
(b)
Figure 22. Preparation of the ecotoxicological assay including (a) the selection of adult and sexually
mature individuals from the species Eisenia fetida for the earthworms´ reproduction test, and (b)
transferring of eggs from springtails (Folsomia candida) for obtaining juveniles with the same age for the
reproduction assays.

In April 2019 (M25), the monitoring of the impact of ‘CRUs’ at plant level (T5.4) begun with the
installation of two experiments in a greenhouse at Campus de Vairão (FCUP). The experiments
consisted in growing lettuce plants (Lactuca sativa L.) with different proportions of drainage
solutions, collected from a local commercial ‘CRUs’, incorporated in the fertigation solution. One
of the experiments was performed using a hydroponic system (Nutrient Film Technique) and the
other was realized based on soil cultivation (collected from the commercial ‘CRUs’), using plastic
pots and manual fertigation (Figure 23).
In the hydroponic experiment, twelve independent hydroponic systems were constructed in a
handcraft way, consisting in miniaturized systems, with pipes, reservoirs and recirculation
pumps, thus mimicking commercial ones. For the preparation of the treatments, a local
strawberry ‘CRUs’, from Esposende (Braga District, Portugal), was taken as case study, serving
the purpose of donating drainage from the soilless cultivation of strawberry, to be used in both
experiments.

(a)
(b)
Figure 23. General overview of the greenhouse experiments for assessing the impact of drainage from
soilless cultivation on (a) hydroponically-grown lettuce and on (b) soil-grown lettuce.

Given that approximately 400 L of drainage solution were needed for the maintenance of the
experiments, for logistic reasons the sample collection was done twice. After approximately one
month of treatments, the lettuces from both experiments were analyzed for their development
(leaf area, SPAD index, biomass production per plant compartment, head diameter) and leaf
mineral composition (nitrate and chemical elements). In order to make the study more
complete, it was also decided to include analyses and assays related to the drainage and soil
used in these experiments, similarly to those considered in the previous Tasks. As such, it was
performed a physicochemical characterization (pH, electrical conductivity, macronutrient
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content, residues of plant protection products) of the drainage and they were also assessed in
terms of ecotoxicity, performing bioassays with microalgae Raphidocelis subcapitata and marine
bacteria Allivibrio fischeri (same procedure as in T5.2). Regarding the soil, it was characterized
in terms of pH, electrical conductivity, organic matter content (loss-on-ignition procedure),
maximum water holding capacity and density.
As a final step of WP5, the applicability of the NPK sensors developed by the AGRINUPES
consortium was assessed during T5.5 (evaluation the performance of sensors in a ‘CRUs’ and
field demonstration). This was done in close collaboration between the team from FCUP and
INESC TEC. Firstly, a series of tests were performed under laboratory conditions, with the NPK
prototype sensor (from May to September 2020; M38-M42). To this end, several nutrient
solutions (prepared in the laboratory) as well as drainage samples (which had been collected in
T5.2 and kept frozen) were analysed.
Concerning the fresh nutrient solutions, they were firstly prepared with laboratory chemical
reagents (for higher purity) using formulations based on Hoagland solutions within different
electrical conductivity ranges. In a second step, these solutions were prepared with commercial
fertilizers, for mimicking those nutrient solutions used by growers in their farms. As such, this
series of tests had the purpose of training and calibrating the prototype sensor with nutrient
solutions with increasing complexity of their matrices, starting from those cleaner and purer
(made from lab reagents), and ending at those similar to the nutrient solutions in which the
sensing system will operate in the near future (real drainage samples), containing microalgae
and debris (e.g., from substrates used as growing media).
In continuation, in December 2020 we performed two demonstration events under field
conditions, which were conducted in Portuguese commercial ‘CRUs’ (Figure 24).

Figure 24. Details of the on-site data acquisition/ testing and demonstration using the final NPK
prototype.

In those occasions, the NPK sensor was presented to growers, comprising a thorough
explanation of the composition of the device, its functioning and potentials in supporting
decision-making regarding fertigation management in ‘CRUs’, and a series of tests with on-site
collected drainage samples. For the demonstration, we selected two Portuguese commercial
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growers producing different crops with representativeness in terms of soilless cultivation in
Portugal (rose and strawberry) and using different growing media in soilless production system,
namely coconut peat (rose ‘CRUs’) and mixed substrate (mixture of humus, coco peat, blond
peat and coconut fiber; strawberry ‘CRUs’).
Guidelines for BMP for utilization of the NPK sensor in ‘CRUs’ were developed based on all the
research and knowledge acquired during the performance in previous tasks of WP5 (compiled
in D5.1 and D5.2). This task was concluded with the publication of Deliverable 5.3, which reports
the performance of the NPK prototype sensor in the demonstration events mentioned above,
and presents BMP for its implementation in ‘CRUs’.
In sum, the following goals were achieved through all the work performed in WP5:
 The ‘CRUs’ in Portugal were generally characterized and this was useful for the
consortium in developing the sensors and the BMP for their implementation in
commercial production systems;
 It was assessed the suitability of adopting ‘CRUs’ and their impacts on water/drainage
quality, on soil quality and at plant level, which allowed to raise questions about the
application of drainage to agricultural soils and to warn about the risks inherent to
drainage release to the environment;
 The functioning of the NPK prototype sensor was demonstrated under field conditions
in commercial ‘CRUs’;
 The BMP for using the technology developed by AGRINUPES were developed based on
the knowledge acquired throughout the project, as well as from the experience of
members within the consortium;
 The project, as well as its results and developed technologies were successfully
disseminated to stakeholders, scientific community and general public with our
participation in scientific events, info-days and other dissemination activities, and
through publication of reports and scientific articles (available at www.agrinupes.eu).

2.6.

WP6: Open field study (DEM)

WP6 objective was to test sensors application in open field (Konya Basin) with the active
involvement of local farmers into monitoring practices/processes. Konya Basin was chosen due
to its exceptional characteristics in the sense that farmers themselves already face problems
with water quality and quantity due to mismanagement of irrigation, which makes them and
their practices the cause and the potential solution of the problem. Therefore the motivation
behind WP6 was to test sensors applicability in detecting presence of nutrients and PPP in water
resources close to agricultural fields to provide user-friendly, cost efficient and time saving
measuring methods.

T6.1: Determining the Basin characteristics for field
SUEN contacted the Ministry of Food, Agriculture and Livestock from Turkey to obtain
information on aspects such as amount of pesticides, nutrients and irrigation water used in the
target area (Konya Basin). Data from 2006 to 2016 on the amount of different categories of
pesticides and a list of most commonly used types of fungicides, insecticides and herbicides
applied in cereals (wheat and barley) fields were received for Konya Province. The same
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information was obtained for 3 other major provinces (Aksaray, Niğde, Karaman) through
Directorates of Provincial Food Agriculture and Livestock.
A preliminary site visit was conducted in July 2017 to discuss and determine appropriate sample
collection points and application sites with local authorities. Meetings were held with Konya
Directorate of Provincial Food Agriculture and Livestock and Regional Directorate of State
Hydraulic Works Konya and they were informed about the project.
All the data gathered from the start of the project was submitted in “D6.1: Report on the analysis
of Konya Closed Basin field study area characteristics”, which is publicly available in the
AGRINUPES website. The report benefited from the literature and data sets on geography, land
use, climate, water use characteristics of Konya Closed Basin. Furthermore, official statistics,
plans and projections are referenced to describe the demographic trends, investment
realizations in different sectors and sectoral water uses, along with primary factors threatening
water availability in the region. Last but not least, diffuse pollution trends in surface water
bodies caused by agricultural input were studied and backed by pesticide and nutrients use data
at provincial level, in order to select the sampling point(s) for pilot application.

T6.2: SWOT analysis of relevant EU legisl. and developing policy guideline
Under this task SUEN was responsible for producing deliverables D6.2 and D6.3. The first “Report
on current agricultural practices and policies in the EU and Turkey” was completed in M24,
covering related EU directives on water quality protection and safe agricultural practices (incl.
the CAP), elaborating on their targets and success of implementation, scrutinizing participatory
approach in water resources management, deficiencies in water quality monitoring, and also
incentives for good agricultural practices and penalty mechanisms for excessive pesticide and
nutrients use.
The deliverable D6.3 “Policy guideline report for the utilization of AGRINUPES sensors” was due
by M36, which largely benefited from the outputs of D6.2 and interviews/surveys conducted
with stakeholders of the field studies, analysing the weaknesses of current policies, and
elaborating on how NPK sensors and PPP biosensors would help mitigate current challenges
faced in diffuse pollution monitoring. The literature review carried out in D6.2 was taken a step
further in D.6.3 to better understand the challenges faced in practice. The studies and reports
published by the EC, European Court of Auditors and European Environment Agency were
carefully assessed. These reports shed light onto the issues faced by farmers (who are obliged
to commit to the legislations/policies) and local stakeholders (who are responsible with carrying
out the rules as depicted in relevant legislations/policies). In addition, interviews and surveys
were carried out with local stakeholders to better understand these challenges, and to learn
more on their initial thoughts of the sensors. This assessment helped us evaluate how
AGRINUPES sensors could contribute to stronger implementation of relevant policies, which is
also given in D.6.3.

T6.3: Coordination of field application of both sensors in Konya Basin
SUEN conducted the first User Network Group (UNG) meeting in Konya on October 2018. It was
the first step to engage with local stakeholders who were the participants of the pilot activities
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as well. Following the UNG meeting, a preliminary field trip was conducted to investigate
possible sampling points for biosensors testing.
Konya Closed Basin is one of the hot spots of Turkey in terms of intense agricultural activity.
Being a closed basin, the region is hydrologically isolated, meaning that it heavily relies on its
self-capacity to renew and protect its water potential. As a result of this condition and adding
intense agricultural activities on top, continuous monitoring and control of agricultural inputs is
vital to maintain good ecological status in the basin. Wastewater samples were obtained from
various parts of the Konya Closed Basin (Konya-Eregli and Hotamıs). With the established
sensor, their experimental studies were performed and the results were verified by
chromatographic analysis.

2.7.

WP7: Demonstration, dissemination, and communication (OTHER)

The general objective of WP7 was to undertake demonstration and communication activities in
all case areas, including the exchange of experiences of good practices among partners and
stakeholders. The specific objectives were: Demonstrate- To inform end-users about the results
of the project by organising UNG meetings and demonstrating research, other results and best
practices to a wide audience beyond the UNG on a national level (per partner) by organising
“Info Days/Seminars” at the research facilities and case areas; Disseminate: Public results of the
project were disseminated by factsheets and articles in magazines and journals to the end-users
and a wider public and to the scientific community dissemination through contribution to
international conferences and publications in scientific journals and Communicate to exchange
information between the partners and the end-users and a wider public.

T7.1: Coordination of demonstration
One of the objectives of AGRINUPES was to undertake demonstration and communication
activities in the case areas. This included the exchange of experiences of good practices among
partners and stakeholders related to the developed NPK and biosensors.
Demonstration, being a communication activity, was done in the case study work packages
(WP3, WP4, WP5 and WP6). Work Package 7 (Task 7.1) focussed on the coordination of the
overall process of demonstration and collects and finalises the overall reporting containing
summary reports of demonstration, dissemination and external communication. The public
Demonstration report describes the progress on the demonstration activities. It contains the
collected minutes of User Network Groups (UNG) meetings and short summaries of individual
Demonstration Reports and related dissemination activities in the case studies. It was an
evolving document with milestones at M12 (D7.1.1), M24 (D7.1.2) and M45. This final report
(D7.1.3) gives the status at the end of the project (M45), which is available in the public part of
the AGRINUPES website.
In the Use Case areas Portugal, The Netherlands, Turkey and Sweden, User Network Groups
have been set-up. Stakeholders were informed about the targets of the AGRINUPES project, via
national websites, group meetings, poster presentations, magazine articles, and international
scientific conferences.
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The prototype NPK-sensor was made available in the second year, and for Portugal and in The
Netherlands, it was demonstrated in 2019. Sweden did plan the presentations in early 2020, but
due to the COVID-19 situation this had to be postponed. The final prototype NPK-sensor was
tested by the end of 2020.
The prototype biosensor came available for application in laboratory situations as of beginning
2020. This prototype was tested both in Turkey and Sweden, but it could not be evaluated for
real-world situations due to COVID-19 restrictions on traveling. Therefore, the prototype
biosensor could not be demonstrated to the Use Network Groups yet. Instead, real samples
taken at the Konya basin were analysed at the EGE lab for evaluation. All use cases have
postponed final presentation of the sensors beyond the end of the project, and as soon as the
COVID-19 restrictions allow for organizing group meetings in 2021.

T7.2: Dissemination
This section gives a general introduction on innovative optical based sensors for measuring
nutrients (NPK) and biosensors for plant protection product monitoring (imidacloprid and
pirimicarb). Preliminary data of the performance of these sensors is presented in two factsheets.
For end-users of the sensors, like growers, advisory services and water authorities, also best
management practises for using the sensors in a number of use cases are described.
The sensors offer possibilities for horticulture growers to monitor the quality of their input and
output water flows, for semi-open cropping systems as well as for those having a closed water
system, with recirculation of the surplus nutrient solution (e.g., drainage). It will help them to
optimize their use of water, fertiliser and plant protection products to minimize the
environmental impact.
D7.2 (publicly available in the website) gives a short introduction on the sensors and their use.
For more detailed descriptions of the technologies and use cases, the reader, e.g. technology
providers, should refer to other deliverables or publications from the project. It describes the
factsheets and best management practices for the use of an NPK optical sensor and a PPP
Biosensor and its related products. The information therein is the final result of the knowledge
obtained from the AGRINUPES project.
The new sensors may lead to new worldwide markets for the European water technology sector,
thus strengthening the competitiveness and growth of SME and related companies. As a result,
significant increase of water and fertilizer use efficiency may be obtained in the
agricultural/horticultural sector, longer and economic reuse cycle for the drainage water may
be achieved, and pollution of water bodies and soil degradation by fertilizers and plant
protection products can be prevented or significantly reduced.

T7.3: External communication
One of the main objectives of AGRINUPES was to perform demonstration, dissemination and
communication activities in all case areas, including the exchange of experiences of good
practices for using the sensors developed within the project. External communication focused
on the exchange of information between the partners and the stakeholders and a wider public.
This was done by informing end-users about the results of the project by organising User
Network Group (UNG) meetings and demonstrating research, other results and best practices
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to a wide audience beyond the UNG on a national level by organising “Info Days/Seminars” at
the research facilities and case areas. Public results of the project were disseminated by
factsheets, public reports (deliverables) and articles in magazines and journals to the end-users
and a wider public. To the scientific community dissemination was performed through
contribution to national and international conferences and other scientific events and through
publications in scientific journals.
In the first year the dissemination plan was made and nearly all actions have been achieved. A
press release was issued at the beginning of the project. The project website was launched and
further dissemination was achieved through the websites from the partners INESC TEC, WUR,
RISE, SUEN, FCUP/GreenUPorto and RITEC. Newsletters were issued in two case study areas:
Portugal and the Netherlands. In the Netherlands the first UNG was started. The conclusion of
midterm project report was made available.
In the second year all UNG were established in the countries of the project partners. Plans were
communicated and feedback from the UNG was received. Newsletters were published. All
activities were on track except for the 2nd UNG meeting.
In the third year, results of both the NPK sensor and biosensor were achieved. A final webinar
of the AGRINUPES project was performed on the 4th December 2020, with a full-day program.
The final webinar was attended by 82 participants, including project partners, stakeholders,
members of academia and research centres. During this event, the projects of the same work
programme (REWATER, WATER4EVER, OPERA and POTENTIAL) were also presented by their
coordinators. Further, Esther Diez Cebollero, as a representative of the Water JPI, participated
in this event with a presentation to explain the organizational structure and functioning of
‘Water JPI – Water challenges for a changing world’ and moderated a discussion on the future
of the water use. Due to the COVID-19 pandemic situation, several demonstration activities, as
well as UNG meetings had to be postponed and/or performed in a remote way.
The summary of the external communication activities is detailed in the deliverable 7.4, which
can be found in the public area of the AGRINUPES website.

3. Discussion, Conclusions & Recommendations
The AGRINUPES project started in 01/04/2017 as planned and achieved the main objectives for
the first period M1-M12. Work from ‘WP1: Coordination’ lead to the development of both
deliverables, ‘D1.1. Project common procedures and quality plan’ and ‘D1.2. Management tools,
templates and updated risk contingency plans’. Regarding 'WP2: Sensors development’, initial
experiments with prototypes were performed for the biosensors and optical sensors. For
biosensors, first DNA aptamer selection process for primicarb and imidacloprid was completed.
Concerning the optical fibre sensors, preliminary results for nitrites and nitrates validated the
sensor suitability to measure those concentrations. Work related with evaluation and
demonstration from ‘WP3: Laboratory evaluation + semi-practical scale testing’, ‘WP4:
Greenhouse recycle’, ‘WP5: Cascade ReUse’ and ‘WP6: Open field study’ were initiated and the
setups developed concerning material acquisition, installation and assembling, growers contact,
AGRINUPES | 35

experiments and protocols design, in order to test and validate the developed sensors and the
fertigation controller. The ‘WP7: Demonstration, dissemination, and communication’ was also
active from the beginning of the project, through several dissemination events, including
publications in national newspapers, presentations in Symposia and the website development.
The UNG were created and the Dutch one has already conduced the first meeting in Bleiswijk,
The Netherlands, on 5th October 2017.
The planned activities for the period M13-M24 focused mainly on the completion of the first
sensor prototypes, the performance of tests at laboratorial stage and the dissemination and
communication of the first results. Regarding ‘WP1: Coordination’, the periodic meeting
organization followed according to the plan for both technical and general assembly meetings.
In 'WP2: Sensors development’, the work planned for the period has encountered a delay, due
to technical difficulties that are referred along this report and in the deliverables at the project
website. As a consequence, the work in some tasks of ‘WP3: Laboratory evaluation + semipractical scale testing’, ‘WP4: Greenhouse recycle’, ‘WP5: Cascade ReUse’ and ‘WP6: Open field
study’ have also encountered a delay in their accomplishment. Although with limitations in the
dissemination of the first results for the NPK sensors and biosensors, the work within ‘WP7:
Demonstration, dissemination and communication’ was active through the UNG meetings,
scientific communications and the project website.
For the last project period, regarding ‘WP1: Coordination’, the periodic meeting organization
followed according to the plan for both technical and general assembly meetings. It should be
noted that the general assembly meetings also addressed technical issues when necessary. In
'WP2: Sensors development’, the work addressed the development of both NPK sensor and
Plant Protection Products (PPP) biosensor, namely for pirimicarb and imidacloprid. The
aptasensors achieved pesticide detection with high sensitivity, eliminating the need for the
advanced facilities. The project also provided novel biorecognition elements for Imidacloprid
and Primicarb, which could be helpful for other researchers to develop novel biosensors. The
achieved results are promising in terms of that aptamers and aptasensors can be developed
according to the detection needs. Delays introduced due to technical difficulties and COVID
pandemic situation created some obstacles in the testing and validation process, also creating
delays in ‘WP3: Laboratory evaluation + semi-practical scale testing’, ‘WP4: Greenhouse recycle’,
‘WP5: Cascade ReUse’ and ‘WP6: Open field study’. Even so, several different sensing techniques
was tested and validated within the project.
In “WP5: Cascade ReUse”, all tasks were successfully performed. Moreover, some additional
tasks were conducted which made the scientific outputs more robust. As such, we achieved the
following goals in WP5: The Cascade ReUse Systems (‘CRUs’) in Portugal were generally
characterized and this information was useful for the consortium in developing the sensors and
the BMPs for their implementation in commercial production systems; It was assessed the
suitability of adopting ‘CRUs’ and their impacts on water/drainage quality, on soil quality and at
plant level, which allowed to raise questions about the application of drainage to agricultural
soils and to warn about the risks inherent to drainage release to the environment; The
functioning of the NPK prototype sensor was demonstrated under field conditions in commercial
‘CRUs’; The BMPs for using the technology developed by AGRINUPES were developed based on
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the knowledge acquired throughout the project, as well as from the experience of our team and
colleagues within the consortium.
Despite the delays, under “WP7: Demonstration, dissemination, and communication”, several
activities were performed, including User Network Groups meetings, scientific communications
and demonstration sessions. A final event was organized to disseminate the results of the
AGRINUPES project, with invitation to other related projects in order to promote future
cooperation within the area. In particular, the following projects from the same work
programme were presented: REWATER (Sustainable and Safe Water Management in
Agriculture), WATER4EVER (Optimising Water use in Agriculture to Preserve Soil and Water
Resources), OPERA (Operationalizing the increase of water use efficiency and resilience in
irrigation), POTENTIAL (Variable rate irrigation and nitrogen fertilization in potato; engage the
spatial variation). Furthermore, a representative of the Water JPI presented the Water JPI Water challenges for a changing world, and moderated a round table on the future of water use.
To conclude it must be referred that the collaboration between the Consortium partners will
continue. INESC TEC and other project partners are engaged in pursuing new opportunities to
take the developed technologies to higher TRL levels. In particular, INESC TEC and Wageningen
team are presently sketching a road map to consolidate the technology validation data in a more
robust fashion and considering different operational environments. This will constitute an
essential step that will contribute to further involve relevant stakeholders and engage
technology takers that will create a proper environment for taking the technology to
commercialization.
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