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Sustainable agricultural production has the aim to maximise the yield and quality of harvests. For that, farmers
need to monitor nutrient levels within soils to apply fertilizers accordingly and to prevent land degradation and
soil exhaustion. Current methods involve time-consuming sampling and transport to a laboratory; and most
farmers do not have the resources to measure frequently at multiple locations, limiting their sustainable pro-
duction. In order to address this challenge, a paper-based analytical device (PAD) for the multiplexed detection
of soil nutrients, ie. phosphate, nitrate and pH, extracted with a cafetiere-based method, is developed in this
work. The compact and easy-to-use platform enables an accurate soil analysis in less than 20 min; 3 min for
extraction and 15 min for readout. Two detection channels for nitrate and phosphate analysis, and one circular
detection area for pH, including the selective reagents to each analyte, are defined within the PAD. Upon contact
with the specific nutrients, the platform produces a colorimetric response that is easily readable by naked eye and
smartphone camera. The detection reactions were optimized in the range 1 — 22.5 mg L™}, 10 —100 mg L ™! and
5.0 — 8.5 for phosphate, nitrate and pH, respectively, in agreement with the relevant levels in soils. The volume of
water, the number of pushes of the plunger, the extraction time and the mass of soil were also optimized for the
nutrient extraction method with the cafetiere. The optimal workflow was validated with commercial soils and
compared with the conventional UV-Vis method and the labels from the soil package, showing excellent
agreement. This paper-based platform provides the possibility of a cheap, sensitive and specific monitoring of soil
nutrients by minimally trained operators, such as farmers, enabling in-the-field analyses of multiple key soil
nutrients in resource-limited settings and therefore addressing the challenge of routine monitoring for sustain-
able agriculture.

1. Introduction

Population rise is increasing the demand of food production [1],
resulting in a higher use of fertilizers (e.g., nutrients) to try to improve
soil productivity [2]. Nevertheless, excessive use of synthetic fertilizers
provokes a negative impact both on the environment and the sustain-
ability of agricultural activity [3-5]. Nitrate and phosphate, with
optimal levels of 60 — 150 mg L™ and 40 — 60 mg L}, respectively, are
two of the essential macronutrients in soil because of their influence on
plant growth [6,7]. Moreover, the soil pH has a high influence on these
nutrients because acidity/alkalinity affects their release, complexation
and availability [8]. Most soils have a pH in the range from 3 to 9, but
the generally accepted optimal range is from 5 to 7.5 [9].
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Over-fertilisation causes saturation of nutrients in plants, provoking an
enrichment of the soil with nutrients which affects its fertility, and the
release of these nutrients to the surrounding areas with a high negative
environmental impact (e.g., eutrophication of waters or greenhouse gas
emissions) [10-15]. Therefore, a balanced supplementation of nutrients
is fundamental to optimize soil management. Doing this results in a
sustainable agricultural production, mitigating the environmental
impact of food production [16-18]. To achieve it, soil monitoring is
required to know the temporal and spatial evolution of nutrient levels
and acidity, allowing mapping of the soil composition and thus adapting
the fertilizer application accordingly [19,20].

Standard methods to analyze nutrients in soils are laborious,
involving extensive sample preparation (ie., extraction, dilution,
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complexation) and long analysis times (i.e., spectrophotometric
readout), making then ineffective for on-site analysis [21,22]. Colori-
metric and electrochemical methods have been also proposed [23].
Colorimetric tests show a good accuracy and a fast response for phos-
phate, nitrate and pH, but they need a spectrophotometer to read the
nutrient concentration, limiting their portability and increasing their
cost [24-29]. Other approaches using a digital camera as colorimetric
detector with consistent results have been published [30-32], but the
set-ups for preparing and read the value are difficult to use by minimally
trained operators (e.g, farmers). Regarding electrochemical sensors,
most of them are based on ion-selective electrodes (ISE) working by
potentiometry [33-40] or cyclic voltammetry [41,42]. They are very
selective and reproducible, but they usually require a complex elec-
tronical set-up. Potentiometric and optical portable kits for on-field
detection can be also found on the market for nitrate, phosphate and
pH [43-46]. Nevertheless, they are expensive, require semi-skilled op-
erators or use aggressive reagents, resulting in a no real alternative for
members of the general public.

As an alternative to standard methods, microfluidic-based systems
can perform rapid assays at the point-of-need [47]. The integration of
both opto-colorimetric and electrochemical readouts into glass, silicon
or polymer-based microfluidics for phosphate or nitrate detection has
been explored [48-52], but they are expensive to fabricate or require
power suppliers for pumping and detecting, restricting their use in
resource-limited settings. Due of these drawbacks, paper-based analyt-
ical devices (PADs) arise as a more convenient approach because they
constitute a good compromise between high performance, low cost, and
simplicity [53]. Cellulose is inexpensive, lightweight, biodegradable,
abundant, and allows passive fluid manipulation through capillary ac-
tion due to its hydrophilicity and porosity. Moreover, PADs are easy to
operate by untrained users, enabling a more frequent quantification
with expanded geographical coverage. There are some works in the
literature describing PADs for nitrate [54-56] and phosphate [57,58]. A
few articles have also been published using multiplexed colorimetric
PADs for phosphate and nitrate detection from water samples [59,60].
Nitrate detection in PADs is usually based on the reduction of nitrate to
nitrite by a reductant (i.e., Zn), followed by the nitrite detection with the
Griess reaction [61]. Phosphate in turn can be detected by the formation
of the phosphomolybdenum blue (PMB) complex [62]. The PADs
incorporate reaction areas loaded with these color changing reagents
that produce a change in color intensity depending on the concentration
of the specific nutrient. Then, the color can be recorded with a smart-
phone camera and an image processing program is used to quantify the
concentration according to its intensity. Although they are a good
alternative to more complicated conventional methods, the
intensity-based readout could be complicated to interpret by the general
public and could produce some interferences depending of the light
conditions during the image recording. Because of this, colorimetric
distance-based paper analytical devices (dPADs) arose as an alternative
to intensity-based PADs. In the dPAD, a channel is defined on the paper,
which is modified with the colorimetric reagents reacting with the an-
alyte of interest. When the sample containing the analyte flows through
the channel, the colorimetric reaction occurs until the analyte is
consumed. Then, the length of the color is correlated to the concentra-
tion of the analyte [63]. The distance-based readout is easier to interpret
by non-qualified personnel, and the distance could be also read using
just a ruler, resulting in a real alternative for minimally trained opera-
tors located in resource limited settings (i.e., farmers). Whilst some
dPADs can be found in the literature detecting some analytes in water, to
the best of our knowledge, phosphate and nitrate have not yet been
described. Moreover, there are no publications either using PADs for
simultaneous detection of these nutrients from soils, because their
extraction is complex, involving processes such as sedimentation or
filtering [64].

Here, in order to address this challenge, we report the development
of a rapid and easy-to-use method for on-site monitoring phosphate and
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nitrate in soil by integrating two dPADs with a nutrient extraction
method using a cafetiere. In order to complete the collected information
from soils, and intensity-based PAD for pH is also integrated in the
multiplexed PAD. The extraction from soil is carried out by mixing a soil
sample with deionized water (DIW) in a cafetiere, pouring the resulting
solution into a beaker into which the PAD is dipped. The multiplexed
PAD includes two reaction channels for phosphate and nitrate detection,
and a circular zone for pH. The phosphomolybdenum blue reaction [58]
and the combined zinc reduction and Griess reaction [65] were adapted
to a distance format for the phosphate and the nitrate detection,
respectively. For pH, chlorophenol red indicator [66] was used to
modify the intensity-based detection area. This multiplexed PAD design
integrating two dPADs for nitrate and phosphate allows a much simpler
readout of the soil’s composition compared to those based on intensity
response, allowing its use by unqualified personnel in limited access
environments, such as farms or crop fields. The integration of the mul-
tiplexed PAD with the cafetiere-based work-flow for nutrient extraction
from soils, results in a cheap and easy-to-use method for the decentral-
ized extraction and analysis of soils nutrient, overcoming the limitations
of current methods. The extraction method was optimized in terms of
mass of soil, volume of water, number of times for pressing the plunger
and the soaking time. In the multiplexed PAD, the concentrations and
volumes of the reagents involved in the color-based detections were
optimized, and the analytical response of the PAD was studied in terms
of linear range, sensitivity, selectivity, limit of detection, working sta-
bility and cross contamination. Finally, the optimized protocol was
validated with four different commercial soils and compared for PADs,
UV/vis measurements and the labels on the soil packages.

2. Experimental
2.1. Reagents and solutions

For the nitrate detection, citric acid (ACS reagent, >99.5 %), N-(1-
Naphthyl)ethylenediamine dihydrochloride (NED, ACS reagent,
>98 %), potassium nitrate (ACS reagent, >99.0 %) and sodium nitrite
(>99.5 %) were purchased from Sigma-Aldrich (Stockholm, Sweden).
Zinc powder (7.5 micron, 98.8 %) and sulphanilamide (98 %) were
purchased from GoodFellow (Hamburg, Germany) and ThermoFisher-
Scientific (Stockholm, Sweden), respectively. For the phosphate anal-
ysis, ammonium molybdate (para) tetrahydrate (99 %), ammonium
potassium tartrate hydrate (98 %), L(+)-Ascorbic acid (99 %) and so-
dium phosphate (monobasic, anhydrous, 99 %) were purchased from
ThermoFisherScientific (Stockholm, Sweden). p-Toluenesulfonic acid
(TsOH, ACS reagent, >98.5 %) was obtained from Sigma-Aldrich
(Stockholm, Sweden). For pH measurements, hydrochloric acid, so-
dium hydroxide, poly-diallyl-dimethyl-ammonium chloride solution
(PDADMAC, 20 wt% in H50), chlorophenol red indicator and phosphate
buffered saline (PBS, tablets, pH 7.4) were sourced from Sigma-Aldrich
(Stockholm, Sweden). The interference tests were performed by using
sodium nitrate (>99.0 %), sodium sulphate (>99.0 %), potassium ni-
trate (>99.0 %) and calcium sulphate (analytical grade) from Sigma-
Aldrich (Stockholm, Sweden), sodium phosphate (monobasic, anhy-
drous, 99 %) from ThermoFisherScientific (Stockholm, Sweden), and
magnesium sulphate anhydrous (analytical grade) from Mallinckrodt
(Dublin, Ireland). Unless otherwise stated, all solutions were prepared
with DIW (Milli-Q® IQ 7000 Ultrapure Water System, Sigma-Aldrich,
Stockholm, Sweden).

2.2. Equipment

The wax-based hydrophobic barriers defining the detection channels
and circles on the paper substrate were printed with a ColorQube ™
8570 (Xerox, Connecticut, USA) printer. A Saturn 3i A4 laminator
(Fellowes, Illinois, USA) was used for melting the wax through the paper
thickness and to laminate the PADs. The pH was measured with a digital
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pH-meter (Jenway 3510, Cole-Parmer, Illinois, USA) equipped with a
glass-bodied pH electrode (Jenway 924 005, Cole-Parmer, Illinois, USA).
UV-Vis analysis was performed with a Lightwave 3 and 3+ UV-Vis
spectrometer (Harvard Bioscience, Massachusetts, USA). A cafetiere
(French coffee maker, 1 L, IKEA, Stockholm, Sweden) was utilized to
extract the nutrients from the soil samples.

2.3. Design and fabrication of the paper-based fluidic device

A 55 mm height x 48 mm width x 460 um thickness PAD was formed
from Whatman Grade 4 filter paper (particle retention 25 pm, nominal
thickness 210 pm, nominal basis weight 92 g m ™2, nominal ash content
< 0.06 %) (Cytiva, Uppsala, Sweden), which was sandwiched between
two 125 um-thick layers of polyethylene terephthalate laminating pouch
(PET, MattPouch, Conrad Electronic SE, Hirschau, Germany). AutoCAD
2023 (Autodesk, California, USA) was used to design the PAD, which
was printed with the Xerox ColourCube printer loaded with wax car-
tridges on the paper substrate. Three different colored wax areas, ie.,
green, red and blue, defined the detection areas for the nitrate, phos-
phate and pH, respectively (Fig. 1a). For both the nitrate and the
phosphate, a channel area of 40 mm x 6 mm was left free of wax. For the
pH, a wax-free circle of 11 mm diameter was also defined. Another
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identical circle was defined next to the first one, in such a way that when
folded they both overlapped. Afterwards, the wax on the paper was
melted at 125 °C with the laminator (Fig. 1b), defining a hydrophobic
wax barrier throughout the thickness of the paper. Then, the hydrophilic
channels and the circle most to the right were chemically modified by
drop casting, and the modified circle was folded over the unmodified
circle (Fig. 1¢) and dried in air for 1 h. To protect the reagents while
storing the PAD, the device was laminated between two transparent PET
sheets at 125 °C (Fig. 1d). The finished PAD is shown in Fig. 1e.

2.4. Fabrication of the detection areas

The detection areas for each parameter were optimized separately
prior to their integration into the multiplexed PAD. For the nitrate and
phosphate, two dPADs were used. The chemically modified detection
channels specifically react with phosphate or nitrate. The bottom part of
the channel is cut off (Fig. Sla, part i) to open the channel (Fig. S1a,
part ii) before dipping it in the sample (Fig. Sla, part iii), and the
channel is filled with the solution containing phosphate or nitrate. The
sample reacts with the deposited reagents in the detection channel,
producing a change of color, the length of which depends on the con-
centration of the nutrient in the sample (Fig. S1a, part iv). The length of

d)

Lamination sheet

e)

Fig. 1. PAD fabrication process. a) Wax layers printed on filter-paper. b) Hydrophobic barriers and hydrophilic areas created by melting the wax through the paper.
¢) Modification of the detection areas with the specific chemicals by drop casting. d) Lamination of the PAD at 125 °C. e) Image of the finished PAD for the

simultaneous detection of nitrate, phosphate and pH.
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the change of color can be measured with the integrated ruler on the
dPAD or with the help of a software (ImageJ, National Institutes of
Health (NIH), Maryland, USA) after photographing the dPAD (Fig. S1b).
In the case of the pH quantification, a colorimetric PAD was fabricated
by defining a reaction circle which was chemically modified to specif-
ically change of color depending of the pH of the solution. A cross was
cut with a scalpel on the laminated sheet covering the detection circle
(Fig. S2a, part i), and the PAD was dipped in a solution for filling the
circle (Fig. S2a, part ii). Then, a color change occurs, the intensity of
which depends on the solution pH (Fig. S2a, part iii). The printed in-
ternal standard allows to remove the effects from the lighting conditions
and camera-to-camera differences during image analysis. Finally, the
photographed or scanned image of the PAD was be analysed with the
ImageJ software to quantify the pH of the sample (Fig. S2b).

2.5. Optimization of the detection scheme

For nitrate, the detection channel was chemically modified with a
suspension of a reductant (zinc) to enable reduction of nitrate to nitrite
as well as reagents for the colorimetric Griess reaction to detect nitrite
[67] (Fig. S3). The optimized channel design obtaining the best
distance-based colorimetric detection for nitrate on a dPAD was 40 mm
in length and 6 mm in width. The optimal design was modified with the
optimized reagent solutions, i.e. the first 0.5 cm modified with 15 uL of
50 mg mL! zinc suspension and the remainder of the channel with
45 uL of Griess reagent solution containing 100 mM ammonium sul-
phanilamide, 400 mM acid citric and 3 mM NED. The optimal design
and reagent solution were used to study the linear range, sensitivity and
limit of detection (LOD) of the dPAD in DIW solutions with nitrate
concentrations from 0 mg L7 to 100 mg L.

In the case of phosphate, the detection is based on the colorimetric
PMB reaction [68] (Fig. S4). The method applied by Richardson et al. in
a color intensity-based PAD [58] was optimized to adapt the method to a
distance-based approach in this work. The dimensions of the detection
channel were also optimized (i.e., 40 mm length and 6 mm width) to
obtain the best signal for phosphate detection. The optimal phosphate
dPAD design modified with the optimized reagent solutions, i.e., 45 pL
of 0.01 M ascorbic acid, 7.5 M TsOH, 0.01 M ammonium molybdate and
6 mM antimony tartrate, was used to fully characterize its response in
solutions with phosphate concentrations from 0 mg L™! to 22.5 mg L 2.

For both the phosphate and nitrate dPADs, interference tests were
performed in presence of the most common macronutrients considering
the concentration ratio of each one in relation to the nitrate and phos-
phate in soils (Table S1). Additional interference tests were also per-
formed for nitrate and phosphate by adjusting the pH (from 5 to 8) of
standard solutions to investigate its influence on the produced color in
the detection channels.

The long-life working stability of the phosphate and nitrate dPADs
was studied by preparing 200 nitrate dPADs and 200 phosphate dPADs,
and placing 100 of each one in the fridge at 4 °C and 100 in a cupboard
at room temperature. During three weeks, a set of 18 dPADs for each
nutrient, ie., nine dPADs from the fridge and 9 dPADs from the
cupboard, was tested twice peer week. Ten mg L™}, 50 mg L™}, and
100 mg L1 of nitrate solutions and 2.5 mg L™}, 10 mg L™}, 25 mg L™}
of phosphate solutions, were used to test the nitrate and phosphate
dPADs, respectively.

For the pH measurements, the pH indicator chlorophenol red was
used (Fig. S5) [69]. An optimized PBS solution at pH 3.5 with
0.1 mg mL~! chlorophenol red and 10 wt% PDADMAC was used as re-
agent solution. PDADMAC is a cationic polymer used as binding agent to
prevent washout of the reagents in the reaction area to the sample so-
lution [70]. A wax-free circle of 11 mm diameter was modified by
pipetting 10 pL of the indicator solution and air dried for 1 h. Then, the
colorimetric response (i.e., linear range, sensitivity) of the circles in
contact with PBS solutions with a pH of 5.5 and 8.5, was studied

The three optimized single analyte PADs for nitrate, phosphate and
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pH were integrated into a single multiplexed PAD shown in Fig. 1. The
multiplexed PAD was characterized in terms of cross contamination
between the integrated detection zones, by keeping constant two of the
parameters and changing the third (Table S2). The required time for
filling the integrated nitrate and phosphate detection channels, as well
as the required time to achieve a constant color in the pH circle, were
checked in a water solution containing 20 mg L™} of phosphate and
50 mg L ™! of nitrate at pH 7. The deviation of the response for each PAD
over time was also analyzed at different time points over 60 min in the
same aqueous solution.

2.6. Extraction of nutrients from soils and workflow for quantification of
nutrients

A cafetiere-based method is developed here to extract the soluble
nutrients from soils samples (Fig. 2a). Soil and water are added to the
coffee maker glass (Fig. 2a, part i). Afterwards, the plunger that holds
the metal mesh filter is introduced into the coffee maker (Fig. 2a, part ii)
and moved up and down to properly mix the soil and water and transfer
the nutrients from the soil to the water (Fig. 2a, part iii). The mixed
solution is left to sit for some minutes to stabilise itself, and then the
plunger is pressed down to separate the soil from the water (Fig. 2a, part
iv). For measuring the transferred nutrient from the soil to the water,
firstly the multiplexed PAD is prepared. The proposed design for the
multiplexed PAD allows to minimize human error during its manipula-
tion. Most of the described multiplexed PADs in the literature involve
some pipetting or precise manipulation of the PAD and the sample
before the analysis [71], limiting their use by non-trained personnel in
real circumstances. In the design proposed here, the user only has to cut
off the 5-mm bottom part of the PAD to open the channels of the
phosphate and nitrate, and to cut a cross on the back of the pH PAD with
a scalpel (Fig. 2b, part i). Then, a volume of the water containing the
soluble nutrients extracted from the soil is transferred from the cafetiere
to a container (Fig. 2b, part ii), and the multiplexed PAD is just dipped
in a volume of solution to expose the bottom part of the opened channels
to the sample and to dip the detection circle for the pH in the solution
(Fig. 2b, part iii). After 15 min, the detection areas are fully filled with
the sample solution, giving a colorimetric response depending on the
nutrient levels in the sample (Fig. 2b, part iv). Finally, the length of the
color change for both the phosphate and nitrate channels is measured
with the ruler integrated in the PAD, or taking a photograph or scanning
the PAD to measure the distance with the ImageJ software. For the
circle, a scanned or photographed image of the PAD is analysed with the
Image J software to quantify the pH value of the sample (Fig. 2b, part
v).

2.7. Analysis of soil samples

Firstly, the extraction protocol described above with the cafetiere
was optimized in terms of the mass of soil, volume of water, number of
times the plunger was pressed and the time for letting the soil sample
soak in the water (Table S3). A commercial planting soil with a con-
centration of phosphate of 20 mg L™ and a concentration of nitrate of
80 mg L ! was used in this study.

The optimized workflow was then tested for four different com-
mercial soils (Table S4), with labelled values in the range 2 — 7 mg L
56 —85mg L™! and 5 - 7 for phosphate, nitrate and pH, respectively.
The quantified values of phosphate and nitrate were also compared with
those obtained from UV-Vis measurements (Fig. S9 and Fig. S7), which
was used as a gold standard method to validate the results. For the pH
detection, the calculated pH of each sample was compared to the pH
obtained using a pH-meter. All the samples were measured in triplicate,
i.e. three multiplexed PADs were fabricated under the same conditions
for each analysis (n = 3). Finally, the results from the multiplexed PADs
were also compared with the labelled values in the soil packages.
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Fig. 2. Procedure for the determination of nutrients in soils. a) Steps followed for nutrients extraction from soils: (i) addition of water and soil; (ii) insertion of the
plunger; (iii) mixing of soil and water with the plunger; and (iv) stabilization of the extracted nutrients. b) Steps to measure the extracted nutrients: (i) opening of the
reaction areas; (ii) transfer of extracted nutrients to a container; (iii) dipping the PAD in the solution; (iv) colorimetric response of the PAD; and (v) readout.
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Fig. 3. Analytical response of the dPAD for nitrate detection. a) Photographs of the detection channels used for measuring nitrate in the range from 10 mg L™ to
100 mg L. b) Calibration plot representing the distance measured for each dPAD versus the concentration of the analyzed solution. ¢) Calculated nitrate con-
centration with dPADs stored at room temperature over a period of three weeks. d) Calculated nitrate concentration with dPADs stored in the fridge over a period of
three weeks. Dashed rectangles in the graph define an interval of error of 10 % with respect to expected nitrate concentration in the sample (90 - 110 mg L™}, 45 —
55mgL~! and 11 - 9 mg L~ ! for the samples containing 100 mg L%, 50 mg L™ and 10 mg L™, respectively). Errors represent the standard deviation for five
replicates (n = 5).
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3. Results and discussion
3.1. Optimization of the nitrate dPAD

Initially, the design for the nitrate dPAD (Fig. S8) was studied. Vol-
umes of reagent solution between 15 pL and 45 pL were pipetted on the
channels and air dried for 1 h. A 50 mg mL™! zinc suspension in DIW
was used for reduction. The Griess reagent solution contained 300 mM
citric acid, 50 mM sulphanilamide and 6 mM NED. The produced dPADs
were dipped in a 30 mgL™! nitrate solution, and the results were
compared in terms of the obtained distance and the clarity of the color
change in the channel (Fig. S9). The design immobilizing 15 pL of
50 mg mL~! zinc suspension at the bottom 0.5 cm of the channel and
45 L of the Griess reagent in the rest of the channel (Fig. S9, design 1)
was selected as the best because it showed a clearer and a darker pink
color in comparison to the others.

Then, the optimal design was used to optimize the Griess reagent
solution concentration, varying the concentrations of sulphanilamide,
NED and citric acid (Table S5). The produced dPADs for each concen-
tration were analyzed in DIW solutions with 30 mg L ™! and 60 mg L},
and the results were compared in terms of the obtained distance and the
clarity of the color change in the channel. From the results is can be
concluded that the optimal Griess solution should contain 400 mM citric
acid (Fig. S10), 100 mM sulphanilamide (Figs. S11), and 3 mM NED
(Fig. S12) for obtaining a bright and consistent color line in the presence
of nitrate.

The selected optimal design and reagent solutions, i.e. a 40 mm long
and 6 mm wide channel, with the first 0.5 cm modified with 15 pL of
50 mg mL~! zinc suspension and the remainder of the channel with
45 uL of Griess reagent solution containing 100 mM ammonium sul-
phanilamide, 400 mM acid citric and 3 mM NED, were utilized to
analyze solutions with different concentrations of nitrate. The length of
the pink color in the detection channel increased for increasing con-
centrations of nitrate, as expected (Fig. 3a). The length was defined by
measuring the distance from the bottom part of the channel to the top of
the pink color. Although the shape of the top part of the pink color is
somewhat irregular, the contrast of the pink color with the channel
background color is sufficient to delimit the top part of the pink color.
The sensitivity of the calibration plot of the measured distance versus
the nitrate concentration was 0.092 + 0.001 mm mg ! L, with a linear
range from 10 mg L™ to 100 mg L™! and a coefficient of regression of
0.98 (Fig. 3b). The calculated LOD according to the 36 IUPAC criterion
was 9.53 + 0.09 mg L™, The reproducibility of the dPAD fabrication
was studied by preparing five different dPADs under the same condi-
tions, obtaining a relative standard deviation lower than 8 % for all the
dPADs.

The potential applicability of the nitrate dPAD in soil samples was
tested by measuring the response of the dPAD in a solution containing
nitrate and the maximum expected relative concentration of the most
common macronutrients present in soils. The results (Fig. S13) show
that the measured length produced change of the color produced in the
detection channel does not fluctuate in the presence of these macronu-
trients, meaning that the presence of these other macronutrients does
not significantly interfere with the nitrate analysis.

Finally, long-term working stability tests were performed for the
nitrate dPADs stored in the fridge and at room temperature in dark
conditions. For those dPADs stored in the fridge (Fig. 3c¢), the calculated
concentration of nitrate in the first 18 days was 10.3 + 2.5 mg L™ for
the solution containing 10 mg L™} of nitrate, meaning that there was a
slight overestimation error of 3 %. For day 22, the calculated concen-
tration dropped to 3.8 + 1.2 mg L™}, resulting in an underestimation of
more than 40 %. For the 50 mg L' nitrate solutions, the average
calculated concentration for the three weeks was 54.9 + 3.3 mgL™?,
resulting in an overestimation error of 9 %. In the case of the solution
containing 100 mg L~! of nitrate, the calculated concentration was 91.7
+ 4.1 mg Lt (ie., an underestimation error of 9 %). The analyses
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performed with the dPADs at room temperature resulted in a calculated
concentration of 4.9 + 10.3 mg L ™! for those in presence of 10 mg L™?
of nitrate (i.e., underestimation error of 51 %), 57.9 + 9.7 mg L for
those in presence of 50 mg L™! of nitrate (i.e., overestimation error of
16 %) and 82.4 + 9.2 mg L™ for those in the presence of 100 mg L™! of
nitrate (i.e., underestimation error of 18 %). These results demonstrate
that the stored dPADs at room temperature can only be used the same
day that they are fabricated, especially for lower concentrations, prob-
ably because the sulphanilamide decomposes under these conditions
[72]. In case of the dPADs stored in the fridge, the stability of the re-
agents significatively improved during the first 18 days, and then sud-
denly decreased for lower concentrations. Therefore, nitrate dPAD can
be used over 18 days after their fabrication with a high accuracy in all
the studied range if they are stored in the fridge at 4°C.

3.2. Optimization of the phosphate dPAD

The conditions applied by Richardson et al. [58] were optimized to
transfer the phosphate detection with the PMB reaction from a color
intensity-based circle to a distance-based format with a channel.
Richardson et al. used 2 M TsOH to provide the acidity needed to
minimise the auto-reduction of the 0.01 M ammonium molybdate in the
first step of the reaction. Six mM of antimony tartrate was also added to
improve the rate of reduction and to avoid the necessity to heat the
reaction [73]. Finally, 0.01 M of ascorbic acid was used as reductant in
the second step of the reaction. Here, the PMB reagent and ascorbic acid
solutions were optimized in order to transfer the phosphate detection
with the PMB reaction to a distance-based format. The effect of varying
the concentration of TsOH, ammonium molybdate, antimony tartrate
and ascorbic acid was studied (Table S6). A detection channel of 40 mm
length and 3 mm width was used during this optimization (Fig. S14,
design 1). Thirty pl of the reagent solution, with a ratio 1:2 between the
PMB reagent and the ascorbic acid solution was pipetted into the
channel and air dried for 1 h. The produced dPADs were analyzed in
DIW solutions with a phosphate concentration in the range 0 mg L™
10 mg L™, and the results shows the effect in the response of the con-
centration of the ascorbic acid (Fig. S15), the ammonium molybdate
(Fig. S16) and the TsOH (Fig. S17). The clearest signal preventing the
auto-coloring of the channel was obtained for a reagent solution con-
taining 0.01 M ascorbic acid, 0.01 M ammonium molybdate, 6 mM
antimony tartrate and 7.5 M TsOH, which was selected as optimal for
the next assays.

The optimal reagent solution was then used to optimize the width of
the detection channel (i.e., 4 mm or 6 mm, Fig. S14) in a 10 mg L1
phosphate solution. The results show that the narrower channel
(Fig. S18a) produced a three times shorter color change in comparison to
the wider channel (Fig. S18b). Moreover, the color was more evident for
the 6 mm width channel, resulting in an easier to use dPAD to quantify
phosphate.

The optimal phosphate dPAD, i.e., a channel of 40 mm length and
6 mm width modified with 45 uL of 0.01 M ascorbic acid, 7.5 M TsOH,
0.01 M ammonium molybdate and 6 mM antimony tartrate, was fully
characterized in solutions with phosphate concentrations from 0 mg L™}
to 22.5 mg L1, The length of the colorimetric response was defined by
measuring the distance from the bottom part of the channel to the top of
the blue-grey colored channel, whose contrast with the color back-
ground does not give rise to errors. As expected, the length of the pro-
duced blue-grey color in the detection channel increases for increasing
concentrations of phosphate (Fig. 4a), with a sensitivity of 0.23 +
0.02 mm mg ' L, in a linear range from 1.0 mg L ' t0 22.5 mg L ' and a
coefficient of regression of 0.97 (Fig. 4b). The LOD (30 IUPAC criterion)
was 2.82 + 0.06 mg L™ 1. The reproducibility of the dPAD fabrication (n
= 5) presented a relative standard deviation lower than 6 % for all cases.

The response of the phosphate dPAD was analyzed in the presence of
the most common macronutrients in soils. The results (Fig. S19) show
that the signal for phosphate does not change significatively in presence
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of these other macronutrients, therefore, the specificity of the developed
dPAD for phosphate in soil is validated.

The long-term working stability of the optimized phosphate dPAD
was also checked during three weeks by storing two sets of dPADs in the
fridge at 4°C and at room temperature in dark conditions. The results
from the dPADs stored at room temperature (Fig. 4¢) for the first three
days were 2.6 + 0.2mg L™, 11.5+ 2.7 mgL ' and 22.3 + 5.8 mg L},
with an overestimation of 4 %, 15 % and 12 % in comparison with the
samples with 2.5 mg L%, 10 mg L™! and 20 mg L}, respectively. From
day 3, the calculated concentration increased drastically, resulting in an
overestimation of 252% (8.8 + 5.0mg L‘l), 116 % (21.6 =+
9.7 mg L™ and 73% (345 + 10.5 mg L’l), for the 2.5 mg L’l,
10 mg L ™! and 20 mg L™}, respectively. In the case of the dPADs stored
in the fridge (Fig. 4d), for the 20 mgL~! phosphate solution, the
calculated concentration was 20.1 + 1.8 mgL™! (overestimation of
1 %) during the three weeks. For the 2.5 mg L' and 10 mg L™! solu-
tions, during the first 12 days the calculated overestimation was of 0 %
(2.5 £ 0.1 mg L) and 7% (10.7 + 0.8 mg Lh. Nevertheless, from
day 12-22, the error increased, with an overestimation of 108 % (5.2 +
0.3 mg L™ and 21 % (12.1 + 2.1 mg LY, in comparison to the
2.5mgL™! and 10 mg L' solutions, respectively. Therefore, if the
dPADs need to be used after a longer time (ie., 12 days after their
fabrication), they have to be stored at 4°C.

3.3. Optimization of the pH PAD

The design in Fig. S20a was used to study the effect of the pH in the

range from 2 to 5.5 of the PBS reagent solution containing 0.01 mg mL ™}
chlorophenol red and 10 wt% PDADMAC. The produces PADs were
studied in two DIW-based solutions with an adjusted pH to 5.5 and 8.5.
The results (Fig. S21) indicate that the optimal reagent pH should be 3.5
because produced the higher color contrast between the samples at pH
5.5 and 8.5.

The design in Fig. S20b was used with the optimized PBS reagent
solution at pH 3.5 to study the analytical response of the PAD in the
range of pH from 5 to 8.5. The intensity of the color changed for
increasing pH, from yellow to purple (Fig. 5a), with a sensitivity of the
plot representing the intensity against the pH of 0.043 + 0.001 a.u.
pH ! in all the analyzed pH range (Fig. 5b), a coefficient of regression of
0.97 and reproducibility of the method fabrication (n = 5) with a rela-
tive standard deviation lower than 5 % for all the cases.

3.4. Characterization of the multiplexed PAD

The optimized individuals PADs for phosphate, nitrate and pH were
integrated into a single device according to the design described in
Section 2.3. Cross-talk between the different integrated PADs was
investigated by modifying the one parameter (i.e., phosphate, nitrate or
pH) and keeping the other two constant.

No cross-talk was observed for all the assays. The measured phos-
phate (Fig. 6a), nitrate (Fig. 6b) and pH (Fig. 6¢), did not interfere with
the other parameters. Therefore, the proposed multiplexed PAD can be
used for simultaneous detection of phosphate, nitrate and pH.

The filling speed of the channels for the nitrate and phosphate, and
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the time to keep a permanent intensity color change in the pH PAD was
measured at different time points after dipping the multiplexed PAD in a
water solution containing 20 mg L™! of phosphate and 50 mg L™! of
nitrate at pH 7 (Fig. S22a). The results display a time of 12 min for filling
both the nitrate and phosphate channels, as well as a sufficiently con-
stant intensity of the pH after 1 min. Therefore, the multiplexed PAD
needs to be dipped in the analysed solution for 12 min to obtain the
colorimetric response for the three parameters. The change of response
of each PAD was also analyzed at different time points during 60 min
after removing the multiplexed PAD from the solution (Fig. S22b). The
measured distance for the nitrate and phosphate did not change
throughout the time analyzed, meanwhile the intensity measured for the
pH slightly decreased (i.e., 10 % in relation to the original intensity)
after 30 min, meaning that it would be better to take the images within
30 min after removing the multiplexed PAD from the solution to guar-
antee the good accuracy of detection.

3.5. Optimization of the soil extraction method

The cafetiere-based extraction protocol was optimized using a
commercial planting soil. Firstly, the effect of the waiting time after
mixing the soil and the water (ie., extraction time) was checked
(Fig. S23a), by pressing the piston 3 times and using 200 mL of water
and 20 g of soil and waiting for 2 min, 3 min or 5 min. The calculated
values for phosphate and nitrate are quite similar, with a lower standard
deviation for 3 min (74.11 + 0.45 mg L™! and 12.73 + 0.09 mg L™}, for
nitrate and phosphate, respectively), therefore this was selected as the
best extraction time for the next assays. Secondly, the number of times
that the piston is pressed for mixing the soil and the water was tested.
The results in Fig. S23b show an increase of 11 % and 73 % for the
calculated concentrations of nitrate and phosphate, respectively, when
increasing the number of times from 2 to 5. For the tests with the piston
pressed 5 times, the calculated concentrations were 76.22 =+
1.23mgL~! and 16.94 + 0.88mgL~?!, for nitrate and phosphate,
respectively, and it was selected for the optimization of the other pa-
rameters. Then, the influence of the volume of water used as medium to
extract the nutrients from soil was studied too (Fig. S23c). For 50 mL,
the calculated concentrations were 7 % higher (85.12 + 1.32 mg L™hH
and 30 % lower (14.34 + 0.45 mg L1 than the expected concentra-
tions in soil for nitrate and phosphate, respectively. For higher volumes,
the calculated concentrations for nitrate (78.42 + 0.45 mg L' and
76.21 £ 1.17 mg L™, for 200 mL and 300 mL, respectively) and phos-
phate (17.83 + 0.09 mg L™! and 16.92 + 0.88 mg L™}, for 200 mL and
300 mL, respectively) were slightly higher for the 200 mL with a lower
standard deviation, therefore 200 mL was chosen as the optimal volume
of water to extract the nutrients from soils. Finally, the influence of the
mass of soil added to the cafetiere was evaluated (Fig. S23d). From the
results can be concluded that using 5g of soil produces a worse
extraction of both nutrients (65.53 + 1.26 mg L' and 3.80 +
0.44 mg L™}, for nitrate and phosphate, respectively), but using 10 g of
soil the extraction efficiency increases in relation to 20 g, being the
calculated concentration of 79.62 + 0.45 mg L™! for nitrate and 20.10
+ 0.09 mg L~! for phosphate, with an extraction efficiency of 100 % for
both nutrients. Therefore, the optimal extraction was obtained by add-
ing 10 g of soil and 200 mL of water, that were mixed pressing the
plunger five times and keeping the mixed solution in the cafetiere for
3 min before transferring it to a container for measuring the parameters
with the multiplexed PAD.

3.6. Analysis of soil samples

The optimized protocol with the cafetiere was applied to extract
nutrients from four commercial soils and then, the optimized multi-
plexed PAD was used to analyze the concentration of the extracted
phosphate, nitrate and the pH. The comparison between the calculated
values with the multiplexed PAD and UV-Vis shows relative errors below
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15 % (Table S7), except for soil 1, which had a relative error of 27 %,
although with both standard deviations overlapping. The negative
relative error for soil 2, soil 3 and soil 4 represents a slight underesti-
mation of the calculated nitrate with the PAD in comparison to the UV-
Vis. In case of the phosphate detection (Table S8), the relative error
between the multiplexed PAD and the UV-Vis was below 14 %, except
for soil 3 (50 %), but it is important to highlight that the concentration
calculated from the UV-Vis is within the confidence interval of the
calculated concentration by the PAD. For the pH detection, the values
obtained from the PAD and the pH-meter show an excellent agreement
(Table S9), with relative errors of 0 % for all the samples.

Comparing the values obtained from the multiplexed PAD with the
labels of the soil packages, relative errors were below 14 % for all the
soils for both nitrate (Table 1) and phosphate (Table 2). The positive
relative errors represent a slight overestimation from the PAD, but all
the labelled values were within the confidence interval from the PAD.
For the pH (Table 3), the comparative study was also excellent, with
relative errors of 0 % in all the cases, except for soil 4 (-17 %). This
higher error is because the labelled pH value in the package is from 5 to
7, meaning that the calculated value from the PAD is within this interval,
but the way for representing the data in the table causes this higher
error.

Therefore, the excellent agreement between the calculated nitrate,
phosphate and pH with the multiplexed PAD and the UV-Vis method,
and specially with the values from the package labels demonstrates the
feasible of the proposed method for a rapid and accurate analysis of
nutrients in soils. It is also worth noting that the best comparative results
were those obtained from the labelled values, which is the accredited
composition by the brand.

4. Conclusions

A work-flow for monitoring soil nutrients (i.e., nitrate, phosphate,
pH) in less than 20 min has been developed using a cafetiere-based
method for extraction and a multiplexed PAD for detection. The
extraction protocol for soil nutrients with the cafetiere enables to extract
100 % of the nutrients from soils in 3 min, using 200 mL of DIW and
10 g of soil. The multiplexed PAD integrates two distance-based and one
intensity-based readouts. The distance-based colorimetric readouts for
phosphate and nitrate are based on the PMB reaction and on the Griess
reaction integrated with a zinc reduction, respectively. Both dPADs
show a high selectivity in the range 1.0 — 22.5 mg L ™! for phosphate and
10 — 100 mg L~* for nitrate, in agreement with the concentration of the
nutrients in soils. The intensity-based readout for pH is based on the use
of the chlorophenol red indicator, giving a change in intensity in the pH
range 5.0 — 8.5. The proposed method has been validated with com-
mercial soils, comparing the results obtained with the multiplexed PAD
with those obtained with the UV-Vis and those labelled on the soil
packages. The comparative study showed a very good agreement, with
overall relative errors below 14 %. The results demonstrate that this
rapid and easy-to-use method developed here to monitor soil nutrients
on-site will enable a more readily interpretation in the field in

Table 1

Values of nitrate concentration calculated with the multiplexed PAD and those
labelled in the package for 4 soil samples. Errors represent the standard devia-
tion for three different PADs fabricated under the same conditions (n = 3).

Sample Calculated nitrate with Labelled nitrate in the  Relative error
the PAD (mg L) package (mg L™1) (%)(*)

Soil 1 57 £16 56 +2

Soil 2 87 +£9 79 +10

Soil 3 875 85 +2

Soil 4 67 £15 58 +14

* Positive and negative values indicate overestimation and underestimation,
respectively, of the calculated nitrate concentration with the PAD in comparison
to the labelled nitrate concentration in the package
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Table 2

Values of phosphate concentration calculated with the multiplexed PAD and
those labelled in the package for 4 soil samples. Errors represent the standard
deviation for three different PADs fabricated under the same conditions (n = 3).

Sample  Calculated phosphate Labelled phosphate in Relative
with the PAD (mg L™')  the package (mg L") error (%)(*)

Soil 1 8+2 7 +14

Soil 2 8+2 7 +14

Soil 3 3+1 3 0

Soil 4 2+0 2 0

* Positive and negative values indicate overestimation and underestimation,
respectively, of the calculated phosphate concentration with the PAD in com-
parison to the labelled phosphate concentration in the package

Table 3

Values of pH calculated with the multiplexed PAD and those labelled in the
package for 4 soil samples. Errors represent the standard deviation for three
different PADs fabricated under the same conditions (n = 3).

Sample  Calculated pH with Labelled pH in the Relative error
the PAD package (%) ()

Soil 1 6+1 6+1 0

Soil 2 6+0 6+1 0

Soil 3 6+0 6+1 0

Soil 4 5+0 6+1 -17

" Positive and negative values indicate overestimation and underestimation,
respectively, of the calculated pH with the PAD in comparison to the labelled pH
in the package

comparison to current methods, resulting in a real impact of the
developed work-flow to be applied on in-the-field analyses of multiple
key soil nutrients by minimally trained operators in resource limited
settings. Farmers in central Kenya have been testing protypes of the
cafetiere-based extraction method and several individual PADs to assess
userfriendliness of the proposed workflow, and the study shows prom-
ising results [74].
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