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� Nitrite and nitrate detection into an
ionogel matrix.

� Microfluidic PMMA and paper hybrid
device.

� Multivariate statistical analysis by
image analysis of real samples.

� Portable, easy to use and inexpensive
device for environmental monitoring.
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Nowadays, miniaturization and portability are crucial characteristics that need to be considered for the
development of water monitoring systems. In particular, the use of handheld technology, including
microfluidics, is exponentially expanding due to its versatility, reduction of reagents and minimization of
waste, fast analysis times and portability. Here, a hybrid handheld miniaturized polymer platform with a
paper-based microfluidic device was developed for the simultaneous detection of nitrite and nitrate in
real samples from both, fresh and seawaters. The platform contains an ionogel-based colorimetric sensor
for nitrite detection and a paper-based microfluidic device for the in situ conversion of nitrate to nitrite.
The platform was fully characterized in terms of its viability as a portable, cheap and quick pollutant
detector at the point of need. The calibration was carried out by multivariate analysis of the color of the
sensing areas obtained from a taken picture of the device. The limits of detection and quantification, for
IO, ionogel; PMMA, poly(methyl)methacrylate; PSA, pressure sensitive adhesive; COP, cyclic olefin copolymer; IPA,
omer; MBAAMm, N,N0-methylenbis(acrylamide) monomer; DMPA, 2,2-dimethoxy-2-phenylacetophenone; SAA, sul-
rochloride; PLS, partial least squares; IUPAC, International Union of Pure and Applied Chemistry.
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Paper microfluidics
Microfluidics
nitrite were 0.47 and 0.68 mg L�1, while for nitrate were 2.3 and 3.4 mg L�1, found to be within the limits
allowed by the environmental authorities, for these two pollutants. Finally, the platform was validated
with real water samples, demonstrating its potential to monitor nitrite and nitrate concentrations on-site
as a first surveillance step before performing extensive analysis.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Problems caused by environmental pollution are increasing
social awareness, especially after the COVID-19 crisis when pollu-
tion levels decreased to historic minimums [1]. The inaccessibility
to drinking water, due to human pollution, is causing massive an-
imal and humanmigrations, diseases and deaths all over the world.
Moreover, the pollution of water is triggering an irreparable loss of
biodiversity and even threatening entire ecosystems. Therefore, it is
imperative to monitor and then, control, water pollution levels to
minimize environmental damages and guarantee proper access to
potable water to the complete human population [2].

In this context, the world health organization (WHO) estab-
lished methodologies principally based on reliable chromato-
graphic and spectroscopic detection techniques [3], all of them
requiring in situ sampling, followed by transport and storage of
large sample volumes before pre-treatment of the sample and
analysis at the laboratory facilities. These processes are generally
slow and expensive to carry out. In the late 90's, researchers started
to develop benchtop and portable instrumentation to make in situ
analysis to eliminate transport and storage of the sample, mini-
mizing its contamination [4e6]. In fact, in-field portable devices for
the control of nitrite and nitrate are starting to be commercialized,
offering good precision and accuracy, although device dimensions
are still far fromminiaturization [7], decreasing future applicability
and commercialization. At this point, the intrinsic properties of
microfluidics such asmanipulation of small volumes, faster analysis
times, better process control, small reagents consumption, reduced
waste generation, compact device dimensions, and, in general,
lower costs than conventional devices [8], make them very prom-
ising tools for environmental monitoring [9,10]. Different micro-
fluidic devices have been developed for the detection of bacteria
[11], heavy metals [12], emerging pollutants [13] and ions [14e17],
helping tomeetWHO specifications to improve the quality of life in
developing countries [18], by providing easy and cheap devices for
pollution evaluation and environmental analysis.

The development of microfluidic devices is, therefore, leading to
the commercialization of easy to use kits for the analysis of param-
eters such as pH, nitrite, chloride or water hardness [19,20], which
allows quicker analysis with a lower consumption of samples,
increasing the frequency of analyses. As the WHO points out in their
guidelines, these inexpensive, fast, and easy to use devices could be
applied for non-formal screening, but usually, they do not satisfy the
levels of precision compared to standardizedmethods [3]. Moreover,
if these methods make use of smartphones, geolocation of the
analyzed samples and instant communication of the results to the
authorities are possible. Furthermore, these types of methodologies
could be extended by using image analysis on smartphones for an-
alyte detection. The detection of chlorine and nitrite [21], chemical
oxygen demand, ammonia, nitrogen, and phosphate [22] are
recently published examples. Additionally, the detection of heavy
metals using image-assisted technologies, including smartphones
[23], as well as the use of smartphones in paper-based microfluidic
devices [24] has been recently reviewed, reinforcing the matching of
image analysis with smartphones and microfluidics.
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Nitrite and nitrate are natural components generated during the
nitrogen cycle, but their presence in drinking water may lead to the
eutrophication of waters; that is why, the WHO [3] and several
environmental agencies [25,26] establish concentrations higher
than 3 mg L�1 for nitrite, and 50 mg L�1 for nitrate as indicative of
urban and/or industrial contamination.

Over the last century, the spectrophotometric assay based on
the specific Griess reaction has been the most used method for the
detection of both pollutants. This method involves a colorimetric
diazo-coupling reaction between nitrite and the Griess reagent [27]
where nitrite is directly detected. In addition, nitrate can also be
detected, previous reduction to nitrite by using reducing agents,
mainly Cd0, but due to its toxicity it can be replaced by zinc (Zn0)
[28]. Since it is possible to precisely determine nitrite and nitrate
concentrations in water samples via a simple colorimetric reaction,
the use of portable microfluidic device instrumentation would
reduce analysis costs, reagents consumption and waste generation,
leading to Green Chemistry protocols [27,29,30]. Several micro-
fluidic devices have been reported so far for the detection of nitrite
and nitrate in water using electrochemical methods [30], but
spectrophotometry [31] or color analysis [32,33] are the most
widely used. In this context, it is worth highlighting those that
make use of the Griess reaction both in paper [27,28,34e36] and
poly(methyl)methacrylate (PMMA) [37,38] microfluidic devices. In
many of the examples presented in the literature, the sensing of
nitrite and nitrate was performed in solution by just adding a so-
lution of the Griess reagent. Nevertheless, a major drawback of this
approach is still the use of liquid reagents. Generally, the Griess
reagent in solution, must be preloaded into containers or reservoirs
outside the microfluidic device. Then, it is introduced into the de-
vice through pumps and valves, which considerably reduce the
functionality of the device and its applicability at the point of need.
Therefore, it would be desirable to have the sensing part within the
microfluidic device in a solid substrate. For that purpose, ionogels
(IOs) are good semi-solid matrixes due to their low vapor pressure,
physical and chemical robustness and plasticizing capacity [39].
These matrixes may permit the Griess reaction to be performed
within the gel and even to pre-concentrate the analytes, when
water evaporates.

Our group has previously reported sensing molecules, inte-
grated within microfluidic devices, based on ionogel (IO) materials,
in a wearable format for the determination of pH [40] and lactate
concentration [9] levels. Briefly, an IO is a hydrogel that contains an
ionic liquid, maintaining the properties of ionic liquids, such as
chemical and thermal stability, low vapor pressure, and high ionic
conductivity in a gel semisolid structure. In 2016, we reported the
first step on the development of a microfluidic device with an IO
material, for the detection of nitrite and nitrate [41].

Here, we report a handheld miniaturized platform containing
both the sample analysis and the calibration sites to perform the
colorimetric detection of nitrite and nitrate in water samples using
multivariate analysis of the color of the sensing sites, obtained from
a taken picture of the device. The sensing sites are based on a new
IO-based solid matrix assay able to change color in the presence of
the analytes. Moreover, the platform incorporates a paper-based

http://creativecommons.org/licenses/by-nc-nd/4.0/
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device configuration, which allows the simultaneous detection of
both analytes. The complete optimization of the platform and its
analytical performance was carried out, eliminating the stability
issues presented by previous configurations [41]. Finally, the plat-
form was validated for the determination of nitrate and nitrite
concentrations against conventional UVeVis spectrophotometry.
This platform represents the first portable handheld device based
on an ionogel material with integrated Griess reaction for both
nitrite and nitrate determination in real water samples.

2. Materials and methods

2.1. Fabrication of the handheld microfluidic platform

The handheld microfluidic platform was first designed in Cor-
elDraw and fabricated using 1.1 mm thickness PMMA sheets pur-
chased from Goodfellow (Huntingdon, UK). The fabrication of the
different features of the platform was carried out using a CO2 laser
ablation system from Universal Laser Systems (Vienna, Austria).

The handheld microfluidic platform (32 � 15 mm) comprised
four sections as shown in Fig. 1 (2. Methodology):

� (1e5) the calibration section with five reservoirs.
� (M) the matrix effect analysis section.
� (N1) the nitrite analysis section, to determine the nitrate con-
centration in the sample, all of the above with dimensions of
5 � 5 mm2 and 0.5 mm depth.

� (N2) the nitrate analysis section, consisting of a paper-based
(Whatman filter paper grade 595) microfluidic device with the
IO matrix for the detection of the nitrate once reduced to nitrite.

The paper device was designed using AutoCAD™ and wax
printed using a XEROX ColorQube 8580 with dimensions of
17 � 7 mm2. A channel filled with Zn0, deposited using a coating
spray. The device was heated in a hotplate (Labnet International
Inc., USA) for 6 min at 125 �C to form the hydrophobic walls,
following the protocol published by our laboratory [42]. Next, a
gasket made of four alternating layers of pressure sensitive adhe-
sive (PSA) from Adhesive Research (Ireland) and cyclic olefin
copolymer (COP) from Goodfellow (Huntingdon, UK), was added to
deposit the IO solution and to avoid dispersion of the material
Fig. 1. a) Scheme of the complete analytical process developed in this work. 1) Freshwater sa
and nitrite and the set-up for taking the photos (simple camera). The oxidation process and
the IO reservoir of the device, over time. 3) Calibration using multivariate analysis of the co
working principle of the device. First, 3 mL (6 mL for the nitrate reduction system) of the Gries
the nitrate reduction system) of the water sample are dropped into the inlets containing the
Griess reaction. The color intensity varies with the concentration of nitrite in the sample. (Fo
the Web version of this article.)

3

throughout the paper device before polymerization [43]. Immedi-
ately after deposition, the IO was polymerized for 10 min at 365 nm
using a BONDwand UV-365 nm light source (Somerset, NJ, USA),
washed three times with isopropanol (IPA) (EssentQ, Sharlab,
Spain) and water, and left to dry for 24 h at room temperature.

The IO was synthesized following a similar protocol to the one
previously described by us [44]. Briefly, 4.00 mmol of N-iso-
propylacrylamide monomer (NIPAMm), 0.08 mmol of N, N0-meth-
ylenebis(acrylamide) monomer (MBAAMm) as crosslinker and
0.04 mmol of 2,2-dimethoxy-2-phenylacetophenone (DMPA) as
photoinitiator were dissolved in 1 mL of 1-ethyl-3-
methylimidazolium dicyanamide ionic liquid all purchased from
Sigma Aldrich (Madrid, Spain) and heated at 80 �C for 30 min with
stirring. The preparation of the hydrogel for infrared analysis fol-
lowed the protocol described above but the ionic liquid was
substituted by Milli-Q water. Once the components were fully
dissolved, the mixture was pipetted into the reservoirs (3 mL) and
the gasket of the paper device mentioned before (6 mL) and pho-
topolymerized. Then, the platforms were thoroughly washed three
times with ultrapure water and isopropanol to eliminate the non-
polymerized excess of ionic liquid, and were left to dry for
45 min before use while the paper device was left to dry for 24 h.
The presence of the ionic liquid inside the ionogel and the com-
parisonwith the hydrogel, without ionic liquid, was investigated by
Fourier-transform infrared spectroscopy (FTIR), in transmittance
mode, using a Jasco 4200 spectrometer (Figure SI-1a).

The Griess reagent was prepared as a 1:1 mixture of sulphanilic
acid (SAA) 1% in 5% of phosphoric acid 85% and N-1-
naphtylethylendiamide dihydrochloride (NED) 0.1% in water, all ac-
quired from Sigma-Aldrich (Madrid, Spain). The nitrate reduction to
nitrite was done with Zn0 spray, 98% purity, from Faren Chemical
Industries (Madrid, Spain). All nitrite and nitrate standard solutions
were prepared using sodium nitrate and sodium nitrite purchased
from Sigma-Aldrich (Madrid, Spain). The presence of the Griess re-
agent inside the IO was evaluated by UV/Vis spectrophotometry and
by scanning electron microscopy (SEM), Hitachi S- 4800 (Hitachi
Japan). The presence of the Griess reagent in the IO changed the
morphology of the polymer matrix from a swollen homogeneous to
a globular microdomain structure (Figure SI-1b and c).

The pictures of the platforms with the X-rite ColorChecker
Passport card (MSCCPP) (Grand rapids, MI, USA) were taken with a
mples containing the analytes. 2) Final device for the simultaneous detection of nitrate
color change of the azo compound to its nitro derivate by atmospheric oxygen occur in
lor of the sensing sites, obtained from a taken picture of the device. b) Scheme of the
s reagent are dropped into the inlets containing the ionogel matrix. Then, 3 mL (6 mL for
ionogel and the Griess assay. Finally, the purple color appears as a consequence of the
r interpretation of the references to color in this figure legend, the reader is referred to
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Sony Cyber-Shot DSC-RX100 camera and analyzed as detailed in
the detection protocol below, Figure SI-2.

2.2. Nitrite and nitrate color analysis detection protocol

For the calibration of nitrite, 3 mL of the Griess reagent solution
were added and, once they got absorbed (120 s), five nitrite stan-
dard solutions of 0.0, 2.5, 5.0, 7.5 and 10.0 mg L�1 concentrations
were prepared and pipetted on the five calibration reservoirs (1e5,
respectively).

After 180 s, pictures of the device were taken and calibrated
using an X-Rite ColorChecker Passport card (MSCCPP), with the
Color-Checker Passport v.1.0.2 program, both from X-Rite Inc.
(Grand rapids, MI, USA), placed beside the device over a neutral
grey paper background to perform the camera calibration and
assure the accuracy of the colors [45], See SI-Fig. 1a. The camera
image plane was placed levelled in parallel to the plane of the de-
vice and the X-Rite Color Checker Passport and pictures were taken
in RAW and JPG mode at once.

Then, the pictures were calibrated by using the CR_Cali-
brator_CC24 JavaScript Photoshop plug-in in Photoshop CC from
Adobe Systems Inc. (Mountain view, CA, USA). The calibration of the
pictures is necessary prior to any analysis, to assure the accuracy of
the colors [46]. This plug-in opens the image multiple times,
modifying the Photoshop color slides and selecting the settings that
best fit all of them, in order to create a color calibration profile. Once
the calibration was finished, the raw calibrated images were saved
in JPG for further use. JPG format pictures were opened in the
Photoshop CC program to estimate the representative chromaticity
values (L, a* and b*) that were taken from centered points. 3 � 3
pixels areas were selected to obtain the points for each picture,
avoiding shadows and reflection, determining their L, a* and b*
values.

These values represent a three-dimensional color space model
(CIELab color space) in Cartesian coordinates being L*, lightness,
dark or light color, the black/white relation (0/100) and a* and b*
the relationship between complementary colors or color wheel
(hue), being neutral grey when a* and b* are 0. The red/green
opposite colors are represented along the a* axis (green negative
values and red positive values). The yellow/blue opponent colors
are represented along the b* axis (blue negative values and yellow
positive values) [47]. This type of color space is more suitable than
the RGB model for analytical purposes because it has a wider color
gamut, representing all the colors that the human eye is capable of
detecting in a way that is independent of the device used, if cali-
brated as it is the case. However, for a quicker and simpler analysis,
the RGB model would be enough to obtain the accuracy of colors.

Nowadays, the CIELCh system is becoming more popular among
photographers since it was demonstrated being even more similar
to how the human eye perceives color than CIELab [47,48]. Hence,
the cylindrical coordinates C (chroma, saturated or dull color) and
the h (angle of the hue in the CIELab model, color perceived) values
were obtained from the L, a* and b* values by means of the
following equations [48].

C¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ða2 � b2Þ

q
Eq. 1

h¼ tan�1a
b

Eq. 2

After obtaining the L, C and h values from the images, a Partial
Least Squares (PLS) multivariate analysis was performed to eval-
uate the correlation between these variables and the concentration
of nitrite. For that, The Unscrambler software (CAMO Analytics,
Norway) was used [49].
4

Eight platforms were employed to obtain the nitrite calibration
set (five for the calibration and three for the validation); the inlets
of each platform were prepared with 3 mL of NaNO2 at different
concentrations, ranging from 0 to 10 mg L�1. Later, pictures of them
were taken and the L, C, and h parameters were obtained. Subse-
quently, the PLS regression analysis with The Unscrambler software
was performed. This regression was done considering L, C, and h as
independent variables, while concentration remained as the
dependent variable; besides, since a previous PCA analysis deter-
mined that only one principal component was able to explain the
97% of the variance [50] one principal component was used for the
multivariate analysis.

During these experiments, it was observed that the purple color
obtained from the Griess reaction changed over time to an orange/
yellow color as depicted in Fig. 2. Consequently, a kinetic analysis of
this change was done in order to establish the adequate waiting
time before performing the analysis. Two devices were filled with
the Griess reagent and nitrite solutions of 10 and 20 mg L�1. Then,
three pictures of each device were taken over 45 min, and the ratio
between the Red and Blue colors, using a simpler RGB color space,
was evaluated. When this ratio had a value of 1, the color obtained
was purple (sum of red and blue) while as the Blue value decreased
the color turned to orange/yellow, ratio >1.
2.3. Real sample analysis

Seawater samples were collected from the Plentzia marine
station, Bizkaia (Spain) and aliquots with variable salinity of 30, 70
and 100% of seawater content in deionized water were prepared to
study the influence of the ionic strength. Moreover, freshwater
samples were collected from five selected points at Ullíbarri-
Gamboa reservoir, Araba (Spain) (Figure SI-3). By using both types
of samples, fresh and seawater, it was possible to evaluate the
matrix effect and the recovery of the analyte in the device. For that,
aliquots of both types of water samples were spiked with nitrite to
reach a final concentration of 2.5, 7.5 mg L�1 and 100 mg L�1 of
nitrate.

Moreover, two water samples from the Galindo (Bizkaia) water
treatment plant, collected before and after the primary sedimen-
tation process were filtered with a 0.45 mm pore size nylon filter,
and analyzed as received, by both UVeVis spectrometry (Shimadzu
UV-1800, Japan) and the handheld platforms. Finally, the results of
both methods were statistically compared to validate their
performance.
3. Results and discussion

3.1. Reagent stability of the IO matrix

The storage stability of the IO matrix was investigated at
different conditions; for that, two platformswith all their reservoirs
filled with the IO matrix were employed. One of the platforms had
all the IO reservoirs fulfilled with 3 mL of 5 mg L�1 of nitrite solu-
tion; while the other platform had all the reservoirs fulfilled with
3 mL of the Griess reagent. The behavior of both embedded IOs was
investigated at two temperatures, 4 and 25 �C, in the darkness and
in the darkness under vacuum conditions, to reduce the possible
oxidation of the Griess reagent. Results showed that the IO with the
embedded Griess reagentwas stable up to 1 day, while the onewith
the nitrite solution was stable up to 3 days, independently of the
conditions, as shown in Table 1. These results indicated that there
was not a significant influence of the atmospheric oxygen and light
conditions on the storage of the platforms.



Fig. 2. a) Picture of the handheld platform with the on-site calibration section after
2 min and (b) after 40 min of the addition of the Griess reagent solution, being (1) 0.0,
(2) 2.5, (3) 5, (4) 7.5 and (5) 10.0 mg L�1 of nitrite, respectively. c) Graph of the Red/Blue
ratio during the oxidation process of the azo compound to its nitro derivate by at-
mospheric oxygen on the IO reservoir with a concentration of 10.0 (blue) and
20.0 mg L�1 (black) of nitrite, over time (n ¼ 3). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Calibration optimization and multivariate analysis

The platformwas designed as a single use device and envisioned
as a set of reservoirs for on-site calibration, integrating all the
necessary features to determine the nitrite and nitrate concentra-
tions of water samples, as explained in detail in the Materials and
Methods.

The linearity of the device in the range from 0.0 to 10.0 mg L�1

was investigated. For that, eight devices were fabricated, five of
them were used to establish the calibration model and three to
validate it. After the fabrication of the devices, the IO reservoirs of
the calibration set were filled with the Griess reagent and then, the
nitrite solutions, (1) 0.0, (2) 2.5, (3) 5.0, (4) 7.5 and (5) 10.0 mg L�1

were added to each of the IO reservoirs and an intense purple color
immediately started to develop, as seen in Fig. 2a. Each reservoir
Table 1
Study of the influence of time, temperature, light, and atmospheric oxygen during the stor
up to 5 days.

Environment conditions

IO fulfilled with 25 �C light 25 �C light, vac. 25 �C darkness, vac

Nitrite ✓ ✓ ✓

✓ ✓ ✓

7 7 7

Griess reagent ✓ ✓ ✓

7 7 7

7 7 7

Where ✓ indicates that the device was operative and 7 indicates that the device was not
same results.

5

presented a characteristic purple tone, which increased in intensity
with the nitrite concentration. However, after 3 min, this purple
color started changing to an orange color due to the atmospheric
oxidation of the azo compound (E)-4-((4-((2-aminoethyl)amino)
naphthalen-1-yl)diazenyl)benzenesulfonic acid, formed during the
Griess reaction, to (E)-4-((4-((2-nitroethyl)amino)naphthalen-1-yl)
diazenyl)benzenesulfonic acid [51], Fig. 2b. Consequently, the ki-
netics of the oxidation process were studied using the Red/Blue
ratio, to establish the optimum time in which the reaction was
stable. This allowed getting the minimum time required to obtain a
stable color (orange/yellow) on the device, 40 and 50 min for a
nitrite concentration of 10.0 and 20.0 mg L�1, respectively (Fig. 2c).

Additionally, further experiments performed to monitor color
variations of the sensing material over time demonstrated that the
orange/yellow color was stable at least for 3 days at room tem-
perature and under standard diary laboratory light conditions
(Figure SI-4). This shows that the IO introduces a matrix stable
enough to perform the reaction and image analysis and, at the same
time, allows storing the platform for further analysis, without
needing any special storage protocols.

In order to obtain analytically relevant results from the hand-
held platform using the orange/yellow color calibration, a picture of
the full platform, including the X-Rite ColorChecker Passport card,
was taken, and the color of the sample was compared with the
calibration. This calibration was done for the orange/yellow color
after 40 min, to make sure that the color change is completed,
Fig. 2b.

As it was previously mentioned, the calibration curve was ob-
tained using a multivariate analysis in which first, the number of
needed principal components was set as one [52] and then a PLS
model was obtained for both the purple and orange colors (Fig. 3).
The match between the theoretical and experimental values in the
model indicated that the software is able to simulate the experi-
mental colors obtained during the calibration process, allowing to
create a prediction model to obtain the concentration of unknown
samples from the L, C and h values. Furthermore, as the results
obtained by different platforms, in different moments and at un-
controlled environmental conditions, were indistinguishabled,
thus it can be considered that the obtained results were
reproducible.

In consequence, according to the stability of the orange/yellow
color and the stability of the IO matrix, the platform could be used
with the calibration part already done up to 24 h after the addition
of the Griess reagent solution to the sample reservoirs (N1 and N2).
This could be an advantage since in the standardized spectropho-
tometric methods, the Griess reagent has to be always fresh-
prepared prior to analysis. Therefore, the handheld platforms
could be used for on-site analyses of unknown nitrite concentra-
tions at the point of interest, e.g. in field, since it would be just
necessary to pipette the water samples in the reservoirs and wait
age of the handheld device with the reagent solutions embedded in the IO reservoirs,

. 4 �C light 4 �C light, vac, 4 �C darkness, vac. Days

✓ ✓ ✓ 1
✓ ✓ ✓ 3
7 7 7 5
✓ ✓ ✓ 1
7 7 7 3
7 7 7 5

operative after storage. Three devices were used for each experiment obtaining the



Fig. 3. Multivariate regression for the calibration of the reaction of the Griess reagent with nitrite at different concentrations, using PLS. a) Pictures were taken 3 min after the
addition of the Griess reagent to the IO reservoirs. b) Pictures were taken 40 min after the addition of the Griess reagent to the IO reservoirs. At that time, the orange/yellow colour
was stable. Theoretical NO2

� values (PC1t) are depicted in dark grey and experimental NO2
� values (PC1r) are depicted in red (n ¼ 5). (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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for 40 min to obtain the result. It is worth mentioning at this point
that the purple color obtained during the first minutes could be also
used to obtain a qualitative estimation of the nitrite concentrations,
when compared with the image of the calibrations taken from the
1e5 calibration area of the handheld platform. Thus, these tones
could be registered in a picture and later compared with the purple
tone of the sample to obtain a pseudo-quantitative analysis or even
done by just direct eye observation. The portability could be
improved by the incorporation of blisters in the device that act as
reservoirs of the Griess reagent to eliminate the need for pipetting;
nevertheless, the stability of the reagent solution would need to be
investigated in the blister too.
3.3. Optimization of nitrate analysis with the handheld platform

As explained in detail in the Materials and Methods section, the
nitrate detection has a paper-based microfluidic device with Zn0

immobilized on it to reduce the nitrate from the sample to nitrite.
In order to do that, the water sample containing both nitrate and
nitrite was pipetted in the circular reservoir of the device. Then, the
solution was forced to pass through the paper-based microfluidic
device containing Zn0 by capillary forces. Along its trajectory, the
nitrate was reduced to nitrite when getting in contact with the Zn0,
immobilized on the paper substrate. Finally, the solution reached
the IO of the nitrite analysis reservoir, where the Griess reagent
reacted with all the nitrite present in the solution and changed the
color of the IO. The color was then analyzed by image analysis using
the protocol mentioned before, and the concentration of nitrate
was determined by subtracting the value obtained in the reservoir
N2 (Fig. 4a), the one obtained in reservoir N1.

The performance of section N2 of the handheld device was
investigated by pipetting in the inlet of the paper-based micro-
fluidic device with a known concentration of nitrate, 50 mg L�1. The
solutionwas left for 10min to react, by passing through the channel
with Zn0. Then, a solution of the Griess reagent was pipetted on the
IO and the color formation, due to the presence of nitrite was
investigated after 15 min, as explained in the Materials and
Methods section. Eight replicates of this device were used to
investigate the conversion of nitrate to nitrite, obtaining a nitrite
concentration of 10.1 ± 0.6 mg L�1. Thus, taking into account that
we pipetted a concentration of nitrate of 50 mg L�1, our paper-
6

based reactor was able to perform the reduction from nitrate to
nitrite with a 20 ± 1% conversion efficiency. This conversion yield
could be improved, if necessary, by increasing the Zn0 micro-
channel length to allow longer reaction times.
3.4. Limits of detection and quantification of the method

In order to obtain the limits of detection (LOD) and quantifica-
tion (LOQ) of this platform, it is necessary to go through their
definitions by the International Union of Pure and Applied Chem-
istry (IUPAC).

Limit¼ sblank þ k s2 Eq. 3

where sblank is the blank signal, consisting of an IO reservoir filled
with deionizedwater and Griess reagent solution, s2 is the standard
deviation of the blank signal and k is a constant value that depends
on the limit studied: k ¼ 3 for the limit of detection (LOD), and
k ¼ 10 for the limit of quantification (LOQ). Therefore, a LOD of
0.47 mg L�1 and a LOQ of 0.68 mg L�1 were obtained for nitrite, as
can be seen in Table 2.

The LOD and LOQ for nitrate, considering the 20% efficiency of
the reduction to nitrite in the paper microfluidic device, were
calculated to be 2.3 and 3.4 mg L�1, respectively. These detection
limits are two orders of magnitude higher than those reached by
the spectrophotometric methods currently used in water analysis.
However, they are good enough to satisfy the limits demanded by
health and environmental agencies, opening a real possibility to
introduce portable microfluidic platforms to screen in field, sam-
pling points and to decide if it would be necessary or not to carry
out a more in depth analysis of a certain sample.
3.5. Determination of nitrite and nitrate concentrations in real
water samples

Fresh and seawater samples were used to study the ionic
strength and matrix effect of the handheld platform. Ionic strength
studies were performed by using different seawater samples spiked
with nitrite (2.5 and 7.5 mg L�1) at different seawater percentages
(30, 70 and 100% seawater in deionized water). On the other hand,
freshwater samples, spiked with the same nitrite solutions, were



Fig. 4. a) Picture of the IO-based hybrid polymer-paper handheld platform after the
addition of the Griess reagent and sample solutions, 40 min (1e5) calibration section,
(M) matrix analysis section, (N1) nitrite analysis sample section (N2) nitrate analysis
section. N2 contains the paper-based microfluidic device: (A) nitrite analysis reservoir,
(B) microfluidic channel with deposited Zn0, (C) inlet for sample addition. b) Multi-
variate regression for the calibration of the reaction of Griess reagent with nitrite at
different concentrations, using PLS with the results obtained for the samples of spiked
nitrite (2.5, 7.5 and 100.0 mg L�1). The samples employed freshwater and 30, 70 and
100% of seawater as matrixes.

Table 2
Blank signal values and predicted concentration of nitrite by The Unscrambler
program to calculate the LOD for nitrite.

Parameters Predicted concentrations (mg L�1)

L C h

73.70 7.00 85.60 0.35
69.70 8.00 90.00 0.38
70.00 8.57 90.50 0.41
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used to study the possible matrix effect (see Materials and
Methods). The accuracy between the colors obtained and those
obtained for the standards (Fig. 4b) was studied, and no significant
differences were observed, showing the robustness of the matrix
against ionic strength variations, and the recovery of the analyte
and absence of matrix effect. Fig. 4b shows the calibration by PLS
and the comparison with the values obtained for the 30, 70 and
100% of seawater samples and the freshwater samples, spiked with
2.5 and 7.5 mg L�1 of nitrite, showing that the Griess reaction was
not influenced by either the seawater or the freshwater. Thus, it can
be concluded that the colorimetric response of the handheld
7

platform is not affected by the water matrixes investigated and,
therefore, it can be used for the analysis of both sea and freshwater
samples.

The validation was done by comparing the results obtained
using the platform with those obtained by using UVeVis spectro-
photometry on two samples from aWastewater Treatment Plant in
Galindo (Bizkaia, Spain). For the UVeVis analysis (see the Materials
and Methods section), concentrations of nitrite of 0.85 ± 0.07 and
0.42 ± 0.07 mg L�1 (n ¼ 3) were obtained for the two samples,
respectively. At the same time, six handheld devices, using a total
amount of 18 mL of the sample were used to obtain a concentration
of nitrite of 0.77 ± 0.06 and 0.30 ± 0.07mg L�1 (n¼ 6), respectively.
The validation of the handheld platformwas studied by comparing
the results obtained for both methods using the F and t statistical
tests, and it was found out that the variances of the methods were
different, while the average values could be considered comparable
within a 95% confidence level. This indicated that even though the
precision was different, the nitrite concentrations obtained using
both methods were the same and, with this, the results obtained by
our device could be considered reliable and validated against a
standardized method.

The delivered device has demonstrated its potential to be used
to monitor nitrite and nitrate concentrations on-site as a first sur-
veillance step before performing extensive analysis. The next step
will focus on the development and integration of a smartphone app
that will perform the colorimetric analysis, sample points geo-
location, and remote storage of the data.

4. Conclusions

The fabrication and performance of a handheld miniaturized
polymer platform with a paper-based microfluidic device capable
of detecting nitrite and nitrate concentrations in real water samples
by colorimetric detection were presented. The analytical parame-
ters for the colorimetric detection of nitrate and nitrite water
samples were studied by analyzing the L, C and h parameters from
images of the platform. The LOD and LOQ of the device for both
nitrite and nitrate were obtained resulting in a LOD for nitrite of
0.47 mg L�1, which is below the maximum value permitted for
national and international water regulations (3 mg L�1), despite
being higher than those for standardized methods. In the case of
nitrate, although the percentage of conversion was low (20 ± 1%) a
LOD of 2.3 mg L�1 was obtained, which is also below the values
from official regulatory entities (50 mg L�1). Qualitative informa-
tion can be obtained in just 3 min, by comparing the purple color
obtained with a reference picture of the calibration. After that,
quantitative analysis can be performed in only 15 min, after com-
plete formation of the orange/yellow color.

The stability of the IO matrix permits the use of the handheld
device up to 24 h after its fabrication, incorporating the complete
calibration set, and the Griess reagent into the sample reservoirs.
Therefore, the calibration could be done in advance; and in this
way, the device could be used at the point of need since just the
sample needs to be added, followed by a photograph of the plat-
form after 40 min. Furthermore, no matrix effect was found to
interfere with the colorimetric analysis, and the performance of the
platform was not influenced by the ionic strength, which been
consequently useful for nitrate and nitrite determination in both,
fresh and seawater. Finally, the performance of the platform was
validated by comparing the performance of the device with a
standardized UVeVis spectrophotometry, obtaining that both
methods gave the same concentration of nitrite when analyzing
real water samples.

The low volumes of both, reagents and samples, needed for the
analysis are a great saving for the fabrication and the mass
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production of these types of devices, which also implies a lower
generation of waste. Additionally, the use of image analysis assures
that detection can be adapted to a smartphone configuration,
whose software could directly analyze the data to generate an even
more user-friendly detection methodology.
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