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Industrial wastewater often contains several toxic contaminants, among which lead (Pb?*) and nitrite (NO,™)
ions are regarded as significant contributors to human health risks. These are readily absorbed by humans
via drinking and agriculture. This growing public health concerns demand urgent, on-site screening as it is
a crucial step for monitoring industrial effluent hotspots in both rural and urban communities. Detection of
these requires the use of complicated gold standard technology such as Atomic Absorption Spectroscopy,
High Performance Liquid Chromatography and so on, which is challenging to establish at testing locations
and much more difficult for laypersons to comprehend. Hence, the present work seeks to create
a straightforward colorimetric paper sensor for the simultaneous screening of lead and nitrite ions in
aqueous solutions, which combines facile fabrication methods with easy interpretation. The sensor
utilises sodium rhodizonate and Griess reagent modified paper for the colorimetric readout. The readout
can be obtained using a standard smartphone camera connected to the darkroom, simulating
attachment to guarantee uniform lighting conditions. Further to counter the problems of reagent
decomposition, a graphite-based reagent pencil has been fabricated that increases the solid-state
stability of sodium rhodizonate on paper from 2 hours to more than 2 months under light-protected
storage, independent of the nitrite assay components. Additionally, to fully integrate the sensor into an
accessible detection system, a lightweight machine learning regression model coupled with a graphic
user interface through desktop application has been used for semi-quantitative interpretation of the
smartphone images. The model achieved an R-squared value of 0.95 and 0.96 for lead and nitrite ions,
respectively. Colorimetric responses on the paper sensor were evaluated using samples collected from
various water bodies and agricultural lands. The algorithm accurately predicted concentrations, achieving
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influence from ambient temperature and humidity. Overall, a simple paper-based semi-quantitative
DOI: 10.1035/d5ra09526¢ approach for preliminary screening of common water pollutants at sites of highly contaminated water

rsc.li/rsc-advances samples influenced by industrial activities could be demonstrated as a proof of concept.

is majorly absorbed into the bloodstream, it gets carried to
different organ systems and causes haemolytic anaemia due to
binding with haemoglobin inside erythrocytes.* In adults, pro-
longed exposure to lead can cause kidney damage, high blood

Introduction

Lead pollution and heavy metal contamination in the environ-
ment is a global concern.* The rise in atmospheric lead levels is

contributed majorly by human activities, including mining,
fossil fuel burning, manufacturing of paints, explosives,
batteries, etc.> Additionally, old pipes and solder joints,
ceramics, and toys are all sources of lead contamination.’ Lead
is not directly involved in any biological processes in the human
body, and, therefore, it is toxic at even very low concentrations.
Plumbism or lead toxicity affects various organs in the body,
and it is more detrimental for women and children. Since lead
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pressure, hearing problems, hyperactivity, cancer, and repro-
ductive disorders.>” Moreover, children who are continuously
exposed to lead contamination show slow motor responses,
decreased IQ, hypertension, and growth disorders.® Alarmingly,
lead nitrate concentrations have been reported to exceed the
recommended limits in industrial wastewater from regions
such as Taiwan and the Philippines.® A similar trend has been
noticed in wastewater discharge from paint and other indus-
tries in studies performed for industrial areas of Lagos, Swabi,
and Kirkuk City.'*** Several studies performed across central
India, West Bengal, and coastal areas indicate severe pollution
of the environment by heavy metals, including lead."*** The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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predominant cause of this contamination is the burning of coal
and other industrial processes.

Another pollutant found in industrial wastewater, nitrite, is
a vital nutrient ion involved in the growth and development of
plants. Nitrite is derived from reduction of nitrates which is
major component of most fertilizers. However, increasing
industrialization and urbanization have adversely affected the
balance of the nitrogen compounds in the environment. Addi-
tionally, a substantial amount of nitrite is utilized in applica-
tions in the industrial and healthcare sectors.'**®* Therefore,
nitrite pollution has become a global concern that is ubiqui-
tously present in food, water, soil, environment, and even
physiological systems. Presence of nitrite in water bodies has
been seen to increase the acidity of water due to generation of
nitrous acid. This acidity further interacts with insoluble lead in
wastewater, increasing the risk of heavy metal poisoning by
ingestion of soluble lead.'>*® In humans, nitrite interacts with
proteins to form N-nitrosamines, leading to severe outcomes
like gastric and oesophageal cancer, blue infant syndrome,
spontaneous abortion, and birth defects in the Central nervous
system.**** Nitrite can be present as particulate matter in
ambient air, causing asthma and severe incidences of impaired
lung functions.”* In India, several case studies have been per-
formed in Odisha, Gujarat, Uttar Pradesh, and other states
which indicate extensive nitrite pollution in the environment
aided by various human activities, including, overuse of fertil-
izers, burning crackers during festivals, improper waste
disposal, etc.>**” The Central Pollution Control Board in India
has stated that the maximum allowed limit for nitrite
compounds in industrial effluents is 50 mg 1" (ppm) and for
lead, it lies between 0.1 to 10 mg 1~" (ppm) for various indus-
tries.”® Reports released by the Pure Earth organization and
CSIR-NITI Aayog organisations in India have revealed that the
BLL (blood lead levels) in Indian children is much above the
average safe limits, purportedly due to violation of the effluent
treatment plans set by the government.***° This situation
warrants regular screening of lead and nitrite ion levels in the
environment, especially.

The existing methods for monitoring lead include UV-visible
spectrometry (UV-vis), Atomic Absorption Spectroscopy (AAS),
Mass spectroscopy (MS), X-ray Fluorescence (XRF), and Cyclic
Voltammetry.*~** Similarly, current methods of nitrite detection
include chromatography, spectrophotometry, surface enhanced
Raman spectroscopy, capillary electrophoresis, fluorescence
spectroscopy, chemiluminescence, and electrochemical
methods.?*** Even though these techniques are widely
accepted, they are accompanied by several limitations like high
cost of equipment, requirement for trained personnel, bulky
nature of the instrument, need for sample processing/pre-
treatment, and long analysis times.**** While ppb level sensi-
tivity is crucial for regulatory drinking water analysis, polluted
sample analysis requires rapid triage tools that offer moderate
sensitivity with high efficacy, instead of attempting a highly
sensitive but costly analysis procedure in a laboratory. Hence,
there is a requirement for a cost-effective, user-friendly, and
field-deployable detection technique in resource-limited
regions for these ions in the environment. Raw effluents from
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battery manufacturing, mining, and electroplating industries
require pre-treatment screening to ensure effective contami-
nant removal, making these settings ideal for the application of
a semi-quantitative paper-based sensor.

In this direction, Paper micro-PADs (pPads) were introduced
in 2007 by the Whitesides group as a viable alternative enabling
the development of rapid, reliable and field deployable moni-
toring systems.*>*¢ As reported by O. Kare et al., paper devices
can be incinerated to very little residue within 20 seconds,
which allows for environment-friendly development of
sensors.?” Paper-based devices utilize capillary action to trans-
port fluids through paper, eliminating the need for an external
pump.”®*® These devices follow the REASSURED (Real Time
Connectivity, Ease of specimen collection, Affordable, Sensitive,
Specific, User friendly, Rapid and Robust, Equipment free and
Deliverable) criteria set by WHO for bringing the laboratory to
a chip for remote location needs.”* These devices work by
creating hydrophobic boundaries on paper using polymers that
can penetrate through pores to design sample wells or channels
as per the requirements of the test.*” In the past, wax printing
was used mainly for drawing hydrophobic channels on paper.
However, due to the recent discontinuation of wax printers,
other methods are being chosen. Those include the use of
polydimethylsiloxane (PDMS), polystyrene, and other resins.
Research has also been done on using ink-jet printing and
protein aggregation as mechanisms to form hydrophobic
boundaries that require heat treatments. In this research,
permanent ink markers were used to create hydrophobic wells
on paper due to ease of application, as reported by several
researchers working on pen and paper sensing devices.>**

Recently, pPads associated with colorimetric reactions have
gained much attention for the detection of heavy metals, along
with organic, and inorganic species.>® Colorimetric assays are
preferred for their simplicity, low cost, ease of use by inexperi-
enced individuals, rapid on-site detection, multiplexed, and
straightforward interpretation of results by the naked eye.*® These
devices also provide improved sensitivity, detection limits, and
a userfriendly interface.® Scanners, digital cameras, and
smartphones, along with imaging software like Image] and
Adobe Photoshop, can be employed as quick, and easy ways to
assess the colour intensity of WPADs to get a quantitative
readout.***

An issue often encountered in reagent modified sensors, is the
decomposition of these reagents due to effects of light, heat or
humidity. To address the limitations of solution-based deposited
reagents on paper devices, reagent pencils were first fabricated by
Mitchell et al.>® They used a mixture of polyethylene glycol methyl
ethyl and graphite as binders for the reagent. Subsequently, Liu
et al. further characterised this fabrication method to optimise
the reagent concentration being loaded onto the paper.* In the
current study, a reagent pencil was designed to counter the
problem of rapid decomposition of sodium rhodizonate in
solution. Bentonite clay was used as the binder for the powder,
while the graphite was used to form a matrix structure to trap
reagent particles and facilitate deposition on paper. Since this
powder mixture does not involve water as a binder, it is hypoth-
esized that the reagent stability should be enhanced.
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This work presents a field-deployable, cost-effective, and user-
friendly colorimetric sensor based on pen and paper micro-
fluidics for the preliminary screening of lead and nitrite at the
sites where industrial wastewater pollution occurs. The sensor is
fabricated using commonly accessible Grade 1 filter paper and
permanent markers to create the hydrophobic barrier. The
reagents are applied to the paper device using the conventional
drop-casting technique and a unique reagent pencil deposition
method, which safeguards the easily degradable chemicals from
environmental conditions, allowing the device to be stored for
several days and transported for field testing without compro-
mising the colorimetric reaction. There is a lack of published
research investigating the use of sodium rhodizonate in pellet
form for prolonging shelf-life, which is a key factor in the current
study. The colorimetric product is captured using a regular
smartphone camera and a custom darkroom setup that elimi-
nates the effects of ambient light conditions on image intensity.
The analysis of the resulting image is executed using a Python-
based Machine Learning approach and a desktop program to
enhance automation, as detailed in this study. The production of
these sensors requires minimal technical expertise, facilitating
development in any distant area.

Colorimetric reaction pathways for
Pb2* and NO,~

The reagent used in this study for sensing of lead ions is sodium
rhodizonate. This assay is used frequently in the field of
forensic science for the detection of lead in gunshot residue.
Rhodizonate is a six-member ringed aromatic oxo-carbon
compound that is highly stable in solid form. It is available as
a greenish powder that gives an orangish-yellow solution when
dissolved in distilled water as it forms rhodizonic acid. This
solution is highly unstable and decomposes rapidly, even when
refrigerated. Lead forms coordinate bonds with the oxygen pair
present in rhodizonic acid that results in the formation of pink
rod-shaped lead rhodizonate complex crystals (Fig. 1(a)). The
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intensity of this reddish pink colour depends on the concen-
tration of lead ions in the solution.

For detection of nitrite in this study, the paper has been
modified with Griess reagent. For sensing nitrate, the analyte
has to be first reduced to nitrite using reducing agents such as
zinc microparticles or enzymatically. Under acidic conditions,
nitrite ion turns into nitrous acid that is very reactive and
decomposes into nitrosonium ion (NO'). The amine group in
sulfanilic acid reacts with this nitrosonium ion to form a di-
azotised cation which subsequently reacts with o-naphthyl
amine and undergoes azo coupling to result in a pinkish purple
diazo dye (Fig. 1(b)). The intensity of this azo dye product assists
in the determination of the nitrite content in a sample.

Methodology
Chemicals and instrumentation

Lead nitrate, calcium chloride, magnesium oxide, potassium
chloride, ferric chloride, chitosan powder, sodium chloride,
sodium nitrite, barium chloride, sulphanilic acid, trehalose
dihydrate, orthophosphoric acid, N-(1-naphthyl) ethylene-
diamine dihydrochloride (NED) and sodium rhodizonate was
purchased laboratory grade from Sisco Research Laboratories
Pvt. Ltd Whatman Filter Paper Grade No-1 Size 110 mm diam-
eter was obtained from Sigma-Aldrich. Permanent marker pens
were acquired of the Camlin brand from local shops. De-ionized
water (DI water) is used to prepare all aqueous solutions used in
this work (resistivity of 18.2 MQ cm at 25 °C).

SHIMADZU UV VIS Spectrophotometer (UV 1800) was used
to understand the reactions between the reagents and the
analytes with varying concentrations. Cuvettes with 1 cm path
length and 3 ml capacity were used for this purpose. Atomic
Absorption Spectroscopy (PerkinElmer, USA) was used as the
gold standard method for analysis of real and spiked lead ion
samples. For optical microscopic observations, Nikon Eclipse
Ts2R inverted microscope was used. FESEM, Merlin, ZEISS
Corp., Germany was used for scanning electron microscopy
images.
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Fig. 1 Reaction mechanism (a) between lead ions and sodium rhodizonate reagent. (b) Development of azo dye due to interaction between

nitrite and Griess reagent.
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(a) Mechanical eraser holder with the loaded reagent pencil with (b) a flowchart demonstrating the method of utilising the developed

pellet for lead detection (not the final device design). (c) Dimensional representation of the final design of the colorimetric sensor.

Fabrication of reagent pencil

The reagent pellet used in this study was made from a powder
mixture consisting 6 grams of bentonite clay, 2 grams of graphite
powder, and 1.2 grams of sodium rhodizonate reagent powder.
This combination was subjected to high pressure (~8-10 ton) in
a hydraulic pellet press with a 5 mm internal diameter mould. The
pellet was then carefully preserved in a soft cotton cloth at 4 °C to
avoid contact with ambient moisture. During the trials, the pellet
was inserted into a mechanical eraser holder, as shown in Fig. 2(a),
and rubbed against the reagent deposition zone of the paper
device. The reagent pencil strokes were applied so that the same
weight of powder blend, i.e. 0.5 milligrams was deposited on the
deposition zone for each device. When de-ionised (DI) water is
added in microliter quantities to the deposition zone, the reagent
powder reacts with it, creating rhodizonic acid that flows along the
defined channel via the paper's capillary action. As it enters the
test zone, analyte can be introduced to initiate the colorimetric
response. This process of converting the reagent from a solid
pellet to a reagent solution and using paper capillary action to
guide it towards the analyte zone is demonstrated in a flowchart in
Fig. 2(b). Along with reagent pencil, Griess reagent was prepared
by mixing a 1: 1 ratio of 1% sulfanilic acid solution in 5% ortho-
phosphoric acid and 0.1% NED solution in DI 2% trehalose
solution was added to the reagent to increase shelf-life. Chitosan
solution was prepared using 0.5% chitosan in 2% acetic acid.

Paper device fabrication

The keyhole-shaped design of the sensor was designed in freeware
software, Inkscape. The design of the sensor includes two attached
circular wells of 7 mm and 6 mm diameter connected to another
circle of 7 mm diameter by a passage of 3 x 5 mm dimensions
(Fig. 2(c)). The designs were laser-printed on the filter paper of
Grade 1 and were overlined with permanent marker ink pens to
form hydrophobic boundaries. The reagent pellet was used on the
deposition zone to deposit sodium rhodizonate. Further, 3 ul of
Griess reagent was drop-casted on the nitrite detection zone. Then
the paper devices were stored in dark containers and air tight
conditions before further experimentation.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Experimental procedure

To develop a training data set for colorimetric assay, solutions
of lead and nitrite in concentrations, varying from 1 to 100 ppm
was prepared through serial dilutions in DI water. The solutions
were first pre-processed with acetic acid using capillary tubes of
5 ul volume twice, so that the final volume of acid added was 10
ul. The acetic acid is added to the sample to ensure that the lead
rhodizonate crystals formed do not aggregate between the
paper's pores and allow the colours to spread farther. This
phenomenon is elaborated later in this manuscript.

The sodium rhodizonate in the deposition zone was acti-
vated using DI water to allow lateral spread of reagent into the
test zone for lead and allowed to dry. After 5 minutes, 6.5 pl
analyte solution was added to the lead detection zone. The
solution is allowed to flow from the lead detection zone to the
nitrite detection zone. A custom darkroom arrangement was
designed in AutoCAD and 3D printed to capture images of
coloured output on the paper sensor, which is referred to as
‘dark box’ in this study. The distance between the camera and
the paper device was fixed at 8 cm when designing the custom
dark box. Each paper device was attached to the sample holder
in the dark box using double sided tapes and photographs were
captured using smartphone camera (Make: Motorola Edge 50
Fusion, 50 MP rear camera). Exposure compensation was
manually locked at —3.0 eV to prevent automatic brightness
adjustment. Autofocus was turned off and white balance were
kept constant during image acquisition. All images were
captured exactly 5 minutes after sample placement using
identical camera settings for all measurements. The procedure
followed for the development of coloured product on the paper
sensor is given in Fig. 3(a). Fig. 3(b) depicts the dark box setup
which was built as a smartphone attachment to provide porta-
bility and consistent lighting settings for all images, indepen-
dent of ambient conditions. The portable darkroom
environment simulating box featured a centre chamber with
a smartphone positioned above it. A hole is carved into the roof
of this dark box based on the curves of the smartphone's camera
positioning. Four LEDs are positioned beneath this ceiling to

RSC Adv, 2026, 16, 16264-16280 | 16267
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the dark room apparatus. (c) Flowchart of the python-based regression method adopted for the analysis of colorimetric images on paper. (d) GUI

interface for user-friendly prediction of analyte concentration.

provide even light distribution. Underneath this chamber is
a tray on which the paper sensor can be attached using adhe-
sives for photography purposes. The dark box's bottom section
has a compartment for the electrical components that control
the inside illumination. The container is completely sealed,
with matte black inside surfaces that resemble the conditions
seen in a traditional darkroom for photography.

Regression study and python-based framework
implementation

A Python-based image processing algorithm was developed to
analyze colorimetric sensor images and generate user-readable
results. For the training dataset, cropped images containing
only the coloured reaction areas were compiled. This dataset
was processed by a Python script that extracted RGB and HSV
values from each image using the NumPy and OpenCYV libraries
and saved the data in a CSV file. This file then served to train
a regression model, which was saved as a Pickle file to stream-
line future predictions by avoiding retraining. For optimization
experiments, mean grey intensity was calculated from the mean
R, G and B values using OpenCV's greyscale conversion
command that utilises the following formula.

Mean grey intensity = 0.299 x R + 0.587 x G + 0.114 x B

A Support Vector Regressor model with a radial basis func-
tion (RBF) kernel was used to test the efficiency of concentration

16268 | RSC Adv, 2026, 16, 16264-16280

prediction. The hyperparameters were set as C = 100, ¢ = 0.01,
and y = ‘scale’, where v is automatically determined based on
feature variance to balance flexibility and generalisation amid
image variability commonly seen in smartphone images
captured of paper-based devices. The Python script used for this
purpose makes use of the Pandas package to read tabular data.
It also used the NumPy library to conduct mathematical oper-
ations on array-structured data. The data is organised into seven
columns: red intensity, green intensity, blue intensity, hue,
saturation, intensity and concentration (in ppm). The first six
columns are then retrieved for input and assigned to the vari-
able ‘x’, while the final column is assigned to the variable ‘y’.
Here, x is the dependent variable and y is the independent
variable. The data was then separated into training and testing
datasets at an 80:20 ratio. To avoid data leakage, all pre-
processing and regression steps were implemented within
a scikit-learn pipeline, ensuring that feature scaling parameters
were learned exclusively from the training data. The dataset was
randomly divided into training (80%) and testing (20%) subsets
at the sample level using a fixed random seed. Model robust-
ness was further evaluated using 5-fold cross-validation.
During prediction, the user selects a rectangular region of
interest (ROI) via OpenCV's selectROI function, followed by
defining a circular mask within this ROI using cv2.circle. A
binary mask isolates the colorimetric reaction area by setting all
pixels outside the circle to black (0) and inside to white (255).
The bitwise operation retains pixel values only within the
reaction zone, allowing extraction of mean RGB values. These

© 2026 The Author(s). Published by the Royal Society of Chemistry
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images of (c) bare paper and paper with hydrophobic boundary, (d) paper with sodium rhodizonate pellet deposition. (e) Final image of the sensor
demonstrating the coloured product developed due to positive test for presence of lead and nitrite.

RGB values are then input into the trained regression model to
predict the analyte concentration. This workflow is summarized
in the flowchart shown in Fig. 3(c), with pseudocode provided in
Table S1 of the SI. To enhance usability, a graphical user
interface (GUI) was created using the Tkinter module, as shown
in Fig. 3(d). Users choose whether to analyze lead or nitrite,
upload the corresponding image, and select the ROI. The
regression model with optimal results is loaded, and the final
output displays the analyte concentration in terms of three
categories, which were low strength (<10 ppm), moderate
strength (10-50 ppm) and high strength (>50 ppm) loads of
contamination.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Results and discussions
UV-visible spectroscopy analysis for Pb>* and NO, ™ detection

The UV visible absorption peak of the reaction between lead
ions and sodium rhodizonate shows two peaks, one at ~486 nm
with a shoulder peak at ~440 nm which corresponds to the
rhodizonate ion, while another peak can be seen at ~365 nm
with a shoulder peak at ~325 nm that corresponds to the UV
visible peak for croconate ion (Fig. 4(a)). The inset graph
represents the reduction in peak absorbance of the rhodizonate
ion with concentration. It can be noticed that when blank
sample is run under UV spectrometer, the intensity of the
rhodizonate peak is much higher than that of the croconate

RSC Adv, 2026, 16, 16264-16280 | 16269
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peak, indicating the photocatalysis of rhodizonate ions and
conversion to croconate ions. Further, a trend of decrease in
rhodizonate peaks with a corresponding increase in the croco-
nate peak can be noticed with the increasing concentration of
lead in sample. It can be hypothesized that the conversion of
sodium rhodizonate to lead rhodizonate increases the photo-
chemical activity in the reagent solution. The decrease in peak
intensity of rhodizonate ion can be seen for concentration as
low as 1 ppb of lead.

The UV visible absorption peak for the azo dye that forms on
reaction between nitrite and Griess reagent can be noticed at
545 nm, as shown in Fig. 4(b) with the peak absorbance inten-
sities plotted in inset graph. It is seen that with an increase in
concentration of nitrite the peak seen at 545 nm increases as
well. The peak could be mapped for a minimum concentration
of 10 ppb nitrite, proving this reagent extremely sensitive for
detection in aqueous media.

Optimisation of experimental parameters

Design, volume, and time optimisation. Hydrophobic
barriers were necessary to be formed on paper to direct the flow
of the analyte solution and confine the reagent solutions.
Various techniques for hydrophobic boundary construction
have been investigated in literature, including laser jet printing,
wax printing, and BSA protein agglutination. In the present
study, marker pen ink was identified as the most suitable option
because of its cost-effectiveness and lack of required processing
techniques, such as heating. Furthermore, the borders defined
with marker pen ink are unaffected by the low pH environments
necessary for conducting the current experiments (Fig. S1).
Observation of paper under a Scanning Electron Microscope
(SEM), both with and without marker pen ink deposition
(Fig. 4(c)), revealed that the paper fibres were entirely encased in
the resin from the marker pen ink, rendering them impervious
to fluids.

The sensor was designed in such a way that the analyte
solution first reacted with the lead detection reagent and then
flowed to the detection zone for nitrite. This allowed for the
formation of lead rhodizonate crystals first and then the azo dye
formation with nitrite. It was observed experimentally that if the
analyte was not added exactly on top of the lead detection
reagent area, it did not form sufficiently quantifiable coloured
crystals for further analysis. The accurate measurement of the
volume to be added to the reaction well is another critical factor
for analysis. Insufficient reagent or analyte solution addition to
the well results in non-uniform distribution within the reaction
zone, leading to inaccurate colour development. If the volume
of analyte solutions surpasses the optimised volume, a droplet
forms on the paper, potentially spilling over the hydrophobic
boundary. Additionally, the presence of liquid atop the cellulose
fibres leads to light reflection during image capture, resulting in
inaccurate colour measurements.

When the reagent pencil was applied to the deposition zones
of the paper device, a weight of 0.5 + 0.03 g was maintained for
all the devices. Fig. 4(d) illustrates the SEM image of the
deposited reagent pellet, which thoroughly coats the paper
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fibres. The activation of the sodium rhodizonate reagent in this
deposition required 5 pl of deionised water, which effectively
mixed with the reagent pencil deposition on paper, generating
sufficient reagent to adequately fill the lead detection test zone
without excessive diffusion into the connecting passage. Like-
wise, 3 ul of Griess reagent completely occupied the nitrite
detection zone without interfering with the sodium rhodizonate
reagent. To prevent the flow of Griess reagent further into the
connecting path between the wells, a layer of chitosan was first
added to the nitrite detection well. Chitosan acts as a physical
binder for the multiple layers of Griess reagent, while also
preventing coffee ring formation when the azo dye develops.
Given that the paper device was designed to facilitate the
passage of the analyte solution from the lead detection zone to
the nitrite detection zone, as seen in Fig. 4(e), volume optimi-
sation was essential. When quantities less than 6.5 pl were
introduced and evaporated for 5 minutes, the solution failed to
exhibit enough reactivity with sodium rhodizonate and did not
reach the nitrite detection test zone. If the volume surpassed 7
ul, the sample over-flowed from the nitrite detection area,
resulting in inadequate azo dye production for imaging and
quantification. The optimal volume of analyte solution for the
lead detection zone in the selected sensor design was fixed to be
6.5 ul.

A further critical element of optimisation was identified as
the period of time required for colour development prior to
image capture. Initially, the analyte solution requires around 4-
5 minutes to properly spread in the lead detection zone, interact
with the reagent and then travel to the nitrite detection zone
using capillary action. Therefore, the image capture was started
only after 5 minutes of adding analyte. The coloured product
formed on paper attained maximum brightness within a few
minutes of the reaction, after which its colour intensity
diminished. A more vibrant colour on paper correlates with
a deeper grey value, as the values approach 0 (the value for
absolute black), whereas a less intense colour corresponds to
lighter grey values, as the colour values approach 255 (the value
for absolute white). Fig. 5(a and b) illustrates that for both the
lead and nitrite detection assays, the maximum visible pink hue
occurred at 5 minutes post-reaction, subsequently diminishing
to a muted pink. Therefore, all image captures were conducted
precisely five minutes post-reaction.

Influence of acid, temperature and humidity. The role of
acetic acid in forming a coloured complex between sodium
rhodizonate and lead was also investigated. It was discovered
that the complex formed in the absence of acetic acid was
reddish-purple in colour and did not spread far from the analyte
deposition site. The same trend was seen in colorimetric reac-
tions for bismuth and copper in water samples on paper.® The
reaction of sodium rhodizonate with lead in the absence of acid
produced rod-shaped crystals with an average size of 22 um, as
shown in Fig. 5(c(i)). Because this exceeds the pore size of filter
paper Grade 1, the pores become clogged, resulting in less
spread of the coloured complex as seen in Fig. 5(c(iii)). Addition
of acetic acid breaks these crystals into smaller sizes
(Fig. 5(c(ii))), which directly results in a diffused area of colour
development in the test zone, as seen in Fig. 5(c(iv)). Fig. 5(d)
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demonstrates effect of pH on the lead rhodizonate crystal
formation by adding various volumes of acetic acid to 1 ml
equimolar solutions of lead for examination of the best condi-
tions for coloured product development on paper. With high
volumes of acetic acid, it was seen that the intensity of the pink
colour developed was lower resulting in higher grey intensity
values. It can be hypothesized that higher acidity breaks the
crystals of lead rhodizonate into smaller sizes due to which they
diffuse further away in the pores of paper resulting in
unquantifiable colour development. It was concluded experi-
mentally that a volume of 10 ul of acetic acid which corresponds
to a pH value of 2.68, could give the brightest pink-coloured
product on paper. Furthermore, the acidification of the ana-
lyte solution also helped with the conversion of nitrite to nitrous
acid, making it even more reactive. Therefore, all the experi-
ments were performed with analytes treated with 10 ul of acetic
acid per 1 ml of sample.

The sensor was evaluated under diverse temperature and
humidity circumstances to guarantee its robust functionality in
variable weather environments, using equimolar concentra-
tions of lead and nitrite. Three temperature settings were
simulated to mimic severe heat, extreme cold, and ambient
temperatures at 0, 25, and 40 °C, respectively. The average grey
values exhibited minimal variation for both lead and nitrite
assays. It was observed that at further elevated temperatures,
the colour development was slightly less intense, resulting in

© 2026 The Author(s). Published by the Royal Society of Chemistry

slightly higher grey values, as illustrated in Fig. 5(e). The
rationale for this phenomenon is that elevated temperatures
accelerate the evaporation of the analyte solution on paper,
leading to a brief liquid-liquid interaction between the analyte
and reagent, which leads to diminished colour intensity devel-
opment. The three humidity levels examined were 30%, 55%,
and 99% and their corresponding grey value intensities are
compared in Fig. 5(f). The colour intensities for lead and nitrite
testing were consistent across all humidity conditions, exhib-
iting minimal error. It may be concluded that the devices
function effectively in most temperature and humidity settings;
however, tests should be conducted away from sunlight to
mitigate the effects of evaporation.

Stability and selectivity of reagents on paper. Selectivity
study was conducted to evaluate the response of the paper-
based sensor towards target analytes in presence of commonly
present interfering species. Nitrite and lead solutions were
prepared at a concentration of 40 ppm. Commonly present ions
such as Mg?*, Ca**, Cl~ etc. were tested at a higher concentra-
tion (200 ppm), while less commonly encountered ions such as
Fe**, Hg”", and Ba®* were tested at 40 ppm, matching the ana-
Iyte concentration. Each analyte was evaluated individually in
the presence of each interferent and in a mixed matrix condi-
tion involving all ions together. Subsequently, colorimetric
response was quantified using the inverted green channel
intensity (255 — G), where G represents the green channel value

RSC Adv, 2026, 16, 16264-16280 | 16271


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09526c

Open Access Article. Published on 25 March 2026. Downloaded on 4/6/2026 4:55:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
Without NO; Without Pb*
2201 (a) : 220 (b) ithou Qb
With NO, B I With Pb
Tl bk s B g Brdaal TTITHA LY
2 5
< 210 z I I I I I 2210 I I I I I I I
z E
I T
5 200+ £ 2004
3 5 I
3 g
g 1904 g,so_
-
3 I I 3
H I z I " I I
180 I I I I . I I I I I I T 1801 1 I I : I 1 I I I
I
70 g
P R S N L =, 170 by
g % % x & ® ®» 3 B O = % o s BZ B & & & & 5 B & = & & ¢ o X
€ [$) Z o u © 5 8§ O 2 X8 I ¥ 2 3 5} Y . 9 « 8%
§ = T8 8 8 =gk g ¥ F 8w TV 4488 §4f
10ppm  40ppm 60ppm 80 ppm 100ppm 5ppm 10ppm 40 ppm 60 ppm 80 ppm 100 ppm
_ v OO000 - 000000
70 JEZZ Nitrites| () -
I:l Lead | Actual vs Predicted Actual vs Predicted
60 -
= 100 ][ ===~ Ideal fit Lead sensing )y . 100} ----- Ideal fit | nitrite sensing (]
s
.50 T f ., B B
3 £ 80 S50((8)
£ 40+ 8 s
F £ £ e
3 30 S 60 s 5 60
s g ¥ 5
20 = oe 240
S 40 5 %
g ; 3 p .
2 5 A
104 1 * A ® 2
& 20 et T 20{ e -
25 A
0 s 4
0 2 5 10 15 20 25 30
Time period (days) 20 40 60 80 100 20 40 60 80 100

Actual concentration (ppm)

Actual concentration (ppm)

Fig. 6 Selectivity of reagent pencil for (a) nitrite and (b) lead compared with commonly available metal ion interferants in polluted waters. (c)
Stability tests for a period of 30 days for sodium rhodizonate in reagent pencil form and Griess reagent solution in presence of 100 ppm salt
solution containing lead and nitrite ions. Comparison of the different colour intensities developed due to presence of (d) lead ions and (e) nitrite
ions in salt of various concentrations on reagent infused paper sensor. Actual vs. predicted plot for SVR model predicting concentration of (f) lead

and (g) nitrite.

in the RGB colour space, such that increasing values correspond
to stronger development of the characteristic pink chromo-
phore. Fig. 6(a and b) illustrates colour intensity differences for
reaction in the absence and presence of our target ions. The
selectivity of the Griess reagent in presence of nitrite, has been
previously reported in the literature which indicates that Fe**
ion seems to lower the azo dye intensity but all other ions
prevalent in industrial discharge show negligible interference.**
The presence of oxidizing species (H,0,) and Fe** ions resulted
in a noticeable reduction in colour intensity in our study as well.
This effect is consistent with the known susceptibility of the
Griess reaction to oxidation and metal-ion interference, as given
in literature. In contrast, commonly occurring background ions
showed negligible influence on the nitrite response at the tested
concentrations. To mitigate the problems faced due to presence
of oxidising species and Fe®" ion, literature suggests pre-
treatment steps involving masking agents such as EDTA
(ethylenediaminetetraacetic acid)®> and enzymes like catalase
which support oxidant scavenging behaviour.®® In wastewater
environments, the presence of nitrates along with reducing
agents could lead to partial reduction of nitrates to nitrites,
which can slightly influence the Griess response. This is
a known limitation of nitrite-based colorimetric detection and
should be considered when interpreting results in complex

16272 | RSC Adv, 2026, 16, 16264-16280

industrial effluents. Further, literature also reported that Griess
reagent seems to work better on paper at lower pH due to the
enhanced presence of nitrous acid. The incorporation of acetic
acid therefore, facilitates the process indirectly. In case of lead
detection using sodium rhodizonate, Ba** produced a distinct
orange colouration, in agreement with previously reported
interactions of rhodizonate with alkaline earth metals.
However, the intensity of this response was substantially lower
than that of the pink complex formed with Pb>*. Consequently,
in mixed-matrix experiments, the presence of Ba** did not
significantly interfere with the lead-dependent colour response,
and the characteristic pink colouration associated with Pb>*
remained clearly distinguishable. In conclusion, these results
demonstrate that the proposed paper-based sensor exhibits
adequate selectivity for both nitrite and lead under conditions
relevant to industrial wastewater screening.

The stability of the reagents on paper was an important
parameter for assessment of the shelf-life of these devices. To
test the same, paper devices were fabricated with the hydro-
phobic boundaries. Then, Griess reagent with 2% trehalose was
added to the test well for nitrite while the sodium rhodizonate
reagent pencil was rubbed on the lead detection side of the
device. After the Griess reagent solution dried in room
temperature, the devices were packed inside zip-lock bags and

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09526c

Open Access Article. Published on 25 March 2026. Downloaded on 4/6/2026 4:55:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

then covered with aluminium foils before being stored in 4 °C.
The devices were tested for 30 days with a solution containing
100 ppm of lead and 100 ppm of nitrite and the mean green
colour intensity was plotted in Fig. 6(c).

The stability of individual assay components and the
complete paper-based device were evaluated separately. The
trend showed very less change in the colour intensity for
sodium rhodizonate complex with lead over the tested period.
Since the rhodizonate reagent tends to stay stable in solid form,
there was no change in the reagent quality after applying on
paper for more than two months in light-protected storage.
Meanwhile, the Griess reagent shows good chemical stability
for 25 days and then a decline in stability after 25 days. The
reason behind this was the slow degradation of the chemical
components, especially N-(1-naphthyl) ethylenediamine, in
Griess reagent on hydrolysis and oxidation as they interact with
the functional groups present on cellulose. Addition of treha-
lose sugar helps prevent the degradation of this chemical
component when kept in storage for at least 4 weeks. As the
overall shelf life of the multiplex paper device is governed by the
least stable component, the practical storage stability of the
complete device is therefore estimated to be approximately 25
days, as shown in Fig. 6(c).

Performance of the regressor algorithm

Different concentrations of lead and nitrite ions were prepared
to determine the linearity of the colorimetric responses, ranging
from 1 to 100 ppm, with 80 readings in this range of concen-
tration. The corresponding colour developed due to this
concentration range is shown in Fig. 6(d and e). A factor to
remember is that since the solutions were in salt form, the
solution consisted of lead concentration of 62.5 ppm and nitrite
concentration of 66.67 ppm in 100 ppm salt solution. The range
of 1-100 ppm of lead and nitrite was chosen because the colour
developed below 1 ppm concentrations was very difficult to
quantify using a simple smartphone camera, since the coloured
crystals or dye products was not able to show adequate contrast
with the white background of paper. Ultimately, the colori-
metric sensing could detect the presence of lead at 7 ppm while
nitrite ions could be detected up to 3 ppm concentrations
effectively on paper.

The traditional RGB analysis of image-based data assumes
that the trends in features of the image are predominantly
linear. The attempted linear regression for the colorimetric data
in this study using saturation values from the HSI colour space
has been presented in Fig. S3 of the SI. From the linear
regression, the limit of detection (LOD = 3¢/S, where o is the
intercept error and S stands for slope of the calibration curve)
could be statistically calculated to be 3.6 ppm for nitrites and
8.9 ppm for lead ions with a high uncertainty at lower concen-
tration due to high standard deviation. However, the data
generated for this study revealed a non-linear and saturating
trend with increasing concentration. This is an expected
behaviour in paper-based colorimetric assays due to the reagent
saturation on the paper substrate and the limited dynamic
range of the camera in resolving differences in colour between
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high concentrations. To ensure the best prediction of analyte
concentrations, several Python-based regression models were
considered, including standard linear regression, ridge regres-
sion, Support Vector Regression (SVR), and Random Forest
regression models. A comparison of the regression performance
of these four models is given in Table S3. Among the models,
SVR performed the best with an R-squared of 0.95 and 0.96 for
lead and nitrite, respectively, which is represented in Table 1.
Further, the Root Mean Squared Error (RMSE) was also the
lowest for SVR at 6.36 and 6.73, respectively. While the error is
high for absolute quantification, it can be used to categorise the
samples into low strength, moderate strength and high strength
contamination loads. SVR is well-known for handling non-
linear data with high accuracy that is expected in real-world
scenarios. Support Vector Regression (SVR) was selected for
signal interpretation due to its ability to model non-linear
relationships while maintaining robust performance with
limited training data. In contrast to linear and ridge regression
models, which assume a strictly linear response, SVR effectively
captures the non-linear and saturating behaviour observed in
paper-based colorimetric signals. Compared to more complex
models such as random forest regression, SVR provides
improved stability and reduced risk of overfitting in small
datasets, while retaining a continuous regression output.
Additionally, the e-insensitive loss function of SVR offers toler-
ance to minor signal variations arising from paper heteroge-
neity and manual reagent deposition, making it well suited for
the present screening-oriented application. The model perfor-
mance was evaluated by 5-fold cross-validation on the full
dataset by separating the data into different training and testing
sets in 80:20 ratio for 5 times. This resulted in a cross-
validation mean R*> of 0.87 and 0.945 for lead and nitrite,
respectively. A reasoning behind this is that the use of a manu-
ally fabricated reagent pencil introduces unavoidable variability
in reagent thickness and local deposition during the scribbling
process. Such variability is inherent to early-stage, hand-
fabricated paper-based devices and is being reflected in the
model performance under cross-validation. In future iterations,
automation of reagent deposition or the use of stencil- or mask-
assisted writing approaches could improve uniformity and
further enhance reproducibility. The observed RMSE for lead
and nitrite was calculated to be 6.36 ppm and 6.73 ppm,
respectively, which is mentioned in Table 1. Considering this
level of prediction error near the decision threshold, the
outputs were interpreted as approximate values, and the device
can therefore be positioned for semi-quantitative screening
rather than precise quantification. It was also observed that
a high number of features resulted in poor cross-validation

Table 1 Evaluation parameters of the algorithm

Parameters Lead Nitrite

R 0.95 0.96

Mean absolute error (MAE) 4.3 ppm 5.25 ppm
Root mean square error (RMSE) 6.36 ppm 6.73 ppm
Cross-validated R 0.87 £ 0.082 0.945 + 0.023
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results due to overfitting of data and high amount of variance.
Therefore, the features provided to this particular model were
the green colour intensity from RGB colour model and satura-
tion from HSV colour model of each image, since these two
features showed the best trend with concentration of analyte, as
shown in SI, Fig. S2(a-d). The selected features are justified by
the strong absorption of the pink chromophores in the green
region of the visible spectrum (Fig. 4(a and b)) and by the fact
that the saturation parameter is minimally affected by varia-
tions in illumination.

An actual vs. predicted plot was developed for the trained
model with both analytes. The predicted points are seen to
cluster along the diagonal regression line, as seen in Fig. 6(f and
2), indicating that this model is a reliable predictor. Further
analysis of mean absolute error and root mean square error was
performed using the equations below and the results are given
in Table 1.

Where, P signifies the number of data points in sample

3l )

MAE =

(1)

~l

RMSE = (2)

m; = observed values (actual values) and 7 = predicted values
(model's predictions).

The regression was stored in pickle files that can be inte-
grated with the Tkinter module in Python to design a user-
friendly desktop application. The output from the desktop
application developed for this program was given in terms of
three categories, which were low strength (<10 ppm), moderate
strength (10-50 ppm) and high strength (>50 ppm) loads of
contamination. Low strength contamination is meant to indi-
cate low pollutant load that has to be processed for effluent
treatment. The second category, i.e. moderate load is indicative
of a requirement for secondary treatments such as chemical
precipitation or bio-adsorption for enhanced treatment of
effluent. Lastly, the high-strength load suggests the
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requirement of intensive multi-step removal processes to
comply with wastewater treatment standards. The false positive
and false negative rate was calculated for the prediction algo-
rithm at the LOD in a decision matrix that is given in Table S4.
The algorithm is seen to provide a false positive of 10% while
the false negative rate is of 25% for Pb>". In case of NO,, the
false positive and negative rates are 0% and 15%, respectively.
These results show strong specificity for both analytes near the
screening threshold. To further boost the robustness of
prediction, the GUI displays a ‘Error/Please try again’ message
when the pink colour is indistinguishable, to reduce cases of
false-positive prediction near the detection limit.

Spiked water sample analysis

To test the accuracy of the sensors on real samples, recovery
studies were performed on spiked water collected from 5
different regions. 2 samples were collected from various loca-
tions along the bank of the Ganges river, 1 sample were
collected from a pond in IIT Kharagpur, and 2 samples were
collected from agricultural run-off water sources in Salua area,
Kharagpur. The samples were spiked with known concentra-
tions of both analytes and measured thrice by gold standard
methods and developed paper sensor from this study. Gold
standards used for analysis of spiked samples for lead was
Atomic Absorption Spectroscopy and for nitrite was UV-visible
spectroscopy. The accuracy was calculated using the following
formula:
Predicted concentration

Average accuracy % = - x 100
g y 7 Actual concentration

The trained model demonstrated excellent accuracy, which
was 100.6% for lead samples and 102% for nitrite samples. The
results discussed in Table 2, proves the excellent practical
application of this prediction model.

Real-world wastewater often exhibits turbidity or inherent
coloration due to suspended solids, dissolved organic matter,
corrosion products, and residual industrial dyes, which can
influence optical measurements in colorimetric sensing. In

Table 2 Prediction of unknown lead and nitrite concentration in spiked samples

Actual concentration

Predicted concentration

Accuracy percentage Average accuracy (%)

Samples (ppm) (ppm) (%) + standard deviation
Lead

S1 32.7 32.2 98.4 100.6 + 3.9
S2 84.9 87.5 103.06

S3 96.4 98.75 102.43

S4 51.3 49.16 104.3

S5 42.56 40.33 94.7

Nitrite

S1 40.6 38.2 94.1 101.86 + 6.13
S2 62.7 63.5 101.2

S3 11.5 12.7 110.4

S4 28.7 30.07 104.7

S5 83.8 82.9 98.9
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practical use, the paper substrate can partially mitigate physical
interferences such as turbidity by retaining larger particulates
during capillary wicking, allowing the colorimetric reaction to
occur within the paper matrix. The wicking and drying
processes further help localize the chromophore formation
within the porous substrate, reducing the influence of sus-
pended solids. Image analysis is performed on a defined region
of interest using fixed acquisition conditions of the camera.
Nevertheless, highly turbid or strongly coloured samples may
still influence the optical readout, representing a known limi-
tation of paper-based colorimetric screening systems. On paper
substrates, droplet spreading and evaporation-driven effects,
such as coffee-ring formation, may further contribute to signal
variability. In the present system, capillary wicking within the
paper matrix and the incorporation of chitosan promote more
uniform reagent distribution and help reduce coffee-ring effects
commonly observed in paper-based Griess reactions (Fig. S4). In
addition, smartphone-based image-dependent colorimetric
readouts are inherently sensitive to variations in sample
appearance and lighting conditions. Highly turbid or strongly
coloured samples may also impact the accuracy of the optical
response, representing a practical limitation of paper-based
screening platforms and highlighting the need for future
improvements through surface engineering or advanced image-
processing strategies. Recent investigations have shown that
advanced materials and surface-engineering methods can
improve optical detection in complex wastewater matrices.
Strain-responsive photothermal super-wetting systems and
elastic graphene-modified sponges have shown enhanced fluid
dynamics and separation in oily emulsions and viscous multi-
component wastewater under practical conditions.®* Biomi-
metic Yin-Yang membranes with dual super-wettabilities
demonstrate that controlled wettability and surface design may
effectively separate complex tri-phase oil-water mixtures, which
can effectively address challenges associated with complex
wastewater matrices.®® Further, mosaic-patterned functional
surfaces that hold droplet arrays illustrate how precise control
over droplet spreading and evaporation may make optical
readout more stable and consistent in screening and environ-
mental monitoring applications.®® Further, the use of machine
learning for interpreting image-based colorimetric signals are
being increasingly employed in recent research to extract
meaningful information from complex chemical data, when
signals are influenced by multiple interacting factors such as
sample heterogeneity and measurement conditions.®” These
trends in research for pre-processing samples and post-
processing datasets can help in further strengthening the
application of paper-based screening tools as presented in our
study.

Comparison with existing technology

The existing technology in the field of lead and nitrite ion
sensing has demonstrated varying levels of sensitivity and field
applicability. However, most existing studies focus on isolated
detection of one ion and qualitative analysis of the ions using
visual colour readout. Furthermore, many of the technologies
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developed have utilized synthesis methods to incorporate
nanomaterials into paper, which limits its reproducibility,
stability and ease of fabrication. This study aims to bridge this
gap between cost of fabrication, sensitivity and ease of opera-
tion by using a dry phase reagent deposited sensing strategy
along with semi-quantitative categorical readout.

In summary, as seen in Table 3, many paper-based colori-
metric platforms have achieved better detection limits for either
lead or nitrite through nanoparticle incorporation, or by
exploiting paper's innate properties for different designs.
However, these devices can be seen to involve multi-step reagent
preparation and limited field-employability. The multiplexed
sensor presented in this study addresses these constraints by
offering simultaneous detection of both analytes at modest
detection limits, coupled with a dry-state reagent pellet design
that enhances stability and handling. The primary expenses for
this sensor were the acquisition of a smartphone, a laptop, and
an image capture dark box apparatus, amounting to less than
$300. Assuming consumers own a smartphone and a personal
laptop, the fixed expenditures may be reduced to about $50. The
chemicals and the pellet incur a recurrent cost of roughly $5,
sufficient for over 300 paper devices. Each paper device
amounts to less than $0.50 for fabrication costs, a further
breakdown of which is given in Table S2. This cost efficiency
further supports the robustness of this prototype lead and
nitrite detection kit. This pen-and-paper microfluidic platform
therefore combines simplicity, low cost, and real-world appli-
cability, making it well-suited for deployment in environmental
pollution screening Kkits.

Conclusions

The present study successfully demonstrates the development
of a low-cost, field-deployable colorimetric screening tool
capable of simultaneously quantifying lead and nitrite in
polluted water without requiring complex pre- or post-
treatment steps. Its user-friendly fabrication and reagent
pencil innovation ensure reagent stability and ease of transport,
making it suitable for preliminary water testing at remote
locations. Moreover, the reagent pencil strategy for reagent
stabilisation can be extended to other colorimetric reagents that
typically suffer from limited shelf-life in paper-based assays.
The device's dual-zone architecture effectively prevents signal
interference, while its robustness against ambient temperature
(0-40 °C) and humidity variations (30-99%) addresses practical
challenges in diverse climatic conditions. Integration with
smartphone-based colorimetric analysis and machine learning
enhances the precision and accessibility of analyte concentra-
tion predictions, further supported by a graphical user interface
for ease of use. Validation with spiked environmental samples
confirms high accuracy and reliability within the ppm concen-
tration range. The limit of detection of 3 ppm for nitrites and
the LOD of 7 ppm for lead lies within the range of acceptable
limits of lead in untreated effluents from various industrial
activities. The prediction errors of 6 ppm are reflective of the
colorimetric paper-based sensor's intrinsic variability and
the ppm scale screening application of these devices. The use of
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5-fold cross-validation was employed to reduce overfitting and
to provide a realistic estimate of model performance within
a laboratory limited dataset. Expansion of the training dataset
to include a wider range of concentrations, matrix composi-
tions, and real wastewater samples is expected to further
improve model generalization and represents an important
direction for enhancement of this paper-based tool. While
precise quantification near the detection limit remains chal-
lenging, the proposed device is well suited for semi-quantitative
assessment of contamination levels relevant to industrial
wastewater monitoring. Accordingly, the sensor is designed for
primary screening and categorical classification of samples into
low, moderate, and high contamination levels rather than
precise quantification. Such a screening-oriented approach
enables rapid decision-making and can be particularly valuable
for long-term urban and rural water quality monitoring strate-
gies. Future work in this direction can focus on extending
detection limits to the ppb level, potentially through hybrid-
izing this colorimetric approach with complementary analytical
methods such as electrochemical or fluorescence sensors.
Overall, this research lays a strong foundation for affordable
and portable water quality screening tools that can empower
widespread environmental and public health surveillance.
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