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Abstract

Paper-based rapid tests are widely used in point-of-care diagnostics due to their simplicity
and low cost. However, their application in quantitative analysis remains limited. In
this work, a nucleic acid lateral flow assay (NALFA) was integrated with an automated
image acquisition system built on a Raspberry Pi platform for the quantitative detection
of SARS-CoV-2 virus, increasing the accuracy of the test compared to subjective visual
interpretation. The assay employed blue polystyrene microspheres as reporters, while
automated image capturing, image processing and quantification were performed using
custom Python software (version 3.12). Signal quantification was achieved by comparing
the grayscale intensity of the test line with that of a simultaneously captured negative
control strip, allowing correction for illumination and background variability. Calibration
curves were used for the training of the algorithm. The system was applied for the analysis
of a series of samples with varying DNA concentrations, yielding recoveries between
84 and 108%. The proposed approach integrates a simple biosensor with an accessible
computational platform to achieve full low-cost automation. This work introduces the first
Raspberry Pi-driven image processing approach for accurate quantification of NALFAs and
establishes a foundation for future low-cost, portable diagnostic systems targeting diverse
nucleic acids, proteins, and biomarkers.

Keywords: lateral flow assay; strip; beads; polystyrene microparticles; SARS-CoV-2;
Python; image analysis; image processing; OpenCV; DNA

1. Introduction

Point-of-care testing (POCT) encompasses the development and application of ad-
vanced analytical devices and platforms designed to facilitate rapid diagnostics, character-
ized by operational simplicity, portability, and either disposability or reusability. Among
them, paper-based sensors are one of the most significant platforms for POCT. Lateral flow
assays (LFAs) and paper-based microfluidic devices have demonstrated significant utility
in diagnostics. In particular, self-tests demonstrated their critical role during the COVID-
19 pandemic. LFAs consist of a diagnostic membrane on which proper biorecognition
molecules are immobilized at a test line and where accumulation of color nanoparticles
occurs in the presence of the analyte, forming a visual color line. The most significant limita-
tion of LFAs is that they provide only semi-quantitative results. Therefore, advancing LFAs
toward quantitative analysis with high adaptability and flexibility is of great importance.
Integrated systems must be developed to ensure proper usability even by unexperienced
users [1]. Another limitation of LFAs is the potential of subjective interpretation of the
visual test results, which can lead to diagnostic inaccuracies. This is particularly crucial
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when the test line appears extremely faint, increasing the likelihood of false negative as-
sessment [2]. Automated analysis of the visual outcomes of the results based on advanced
image analysis tools is thus required to provide qualitative, as well as quantitative, results
with enhanced accuracy, eliminating the problems of false interpretation based on personal
bias. Simplicity is also important to allow applicability for point-of-care testing (POCT) and
enable testing in the field or in remote areas. In this context, Raspberry Pi has been recently
exploited as an important tool for analytical appliances, providing automated analysis of
various experimental data. Open-source hardware has attracted the interest of researchers
in different scientific fields, giving the opportunity to develop simple and cost-effective
laboratory instruments and devices and making such instrumentation affordable and ac-
cessible for many researchers and users. Raspberry Pi, as a low-cost single-board computer,
has become very popular for a variety of applications. Raspberry Pi is inexpensive and
easy to program, compared to smartphones. Few attempts have also been made for the
integration of Raspberry Pi with LFAs and microfluidics devices. Raspberry Pi has been
used for controlling pumps and the flow and temperature of flowing systems. The integra-
tion of Raspberry Pi with microfluidics has transformed the landscape for the development
of portable, low-cost, highly customized and flexible devices. However, in biomolecular
diagnostics, image analysis is also a key parameter. For this reason, improved Raspberry Pi
platforms have been integrated with Raspberry Pi camera modules to allow for automated
image capturing and subsequent image processing [3,4].

In more detail, a smartphone and a Raspberry Pi portable reader were used for the
detection of progesterone in milk in paper-based microfluidic devices. Two LEDs were
used for excitation, while Raspberry Pi was used to control the LEDs. A smartphone
application based on OpenCV was developed for image processing. The proposed reader
showed better performance when compared to the traditional ELISA assay [5]. Raspberry
Pi was also exploited for the automatic calculation of Michaelis-Menten enzyme kinetics on
different paper substrates on portable devices [4], to monitor the flow rate in paper-based
microfluidic devices to determine blood coagulation [6,7] and in a flexible fluoropoly-
mer microcapillary film for blood testing related to blood response to stimulation [8]. A
microfluidic immunobiosensor was also developed for the detection of Salmonella. The de-
tection was based on a metal-organic framework that had peroxidase activity and catalyzed
the colorimetric oxidation of o-phenylenediamine, which was monitored by Raspberry
Pi [9]. A paper-based microfluidic device with a hand-held Raspberry Pi detection system
was also presented for the determination of the albumin-to-creatine ratio in human urine
via colorimetric reactions in two parallel channels. The method was in good agreement
with a benchtop method [10]. Another paper-based microfluidic chip was developed for
capillary flow velocity profile determination for screening of oil types using Raspberry
Pi and machine learning [11]. A novel microfluidic chip was developed in which the
entire diagnostic assay was performed, including sample loading, nucleic acid extraction,
and reverse transcription-loop-mediated isothermal amplification (RT-LAMP) reaction
and detection. The device had four reaction chambers and was applied for the detection
of four respiratory viruses. Fluorescent measurements of the RT-LAMP reactions were
performed with a Raspberry-Pi-based detection system using a Sony IMX2198 megapixel
CMOS sensor (Tokyo, Japan) and a five-parameter log-logistic (SPLL) curve for signal
intensity determination [12]. A 3D-printed instrument was also constructed using a Rasp-
berry Pi camera and an easy-to-use LabVIEW software-based (version 17.0.1fl) program for
automated image analysis and real-time monitoring of colorimetric LAMP reactions [13].
More recently, a portable microfluidic in vitro diagnostic device was developed for the
rapid detection of procalcitonin based on silver nanoparticles, and a 3D-printed detection
device was constructed including a microscope lens and a Raspberry Pi camera for image
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acquisition. Images were then manually processed based on RGB analysis using Image]
software [14].

Regarding LFAs, a fluorescent lateral flow immunoassay strip together with a fluo-
rescence reader based on Raspberry Pi was developed for the detection and quantitation
of C-reactive protein for inflammation monitoring using fluorescence-labeled detection
antibodies. The optical system comprised two lasers that were controlled by the Raspberry
Pi, while the emitted fluorescence was captured by a Raspberry Pi camera Module v2 NoIR
that had a Sony IMX219 sensor. A black strip holder was constructed, and image analysis
was conducted using Python. The computer could also perform the image analysis and
communicate the results to a mobile phone application acting as a user interface [15]. An
automated algorithm using a Raspberry Pi based on Python and OpenCV through the
python package ‘RPi.GPIO 0.7.0” was also developed for the quantitation of commercial
colorimetric paper-based immunosensors, including LFAs, for the detection of SARS-CoV-2
antibodies. A special 3D-printed box was constructed to hold the paper sensors, and an LED
was used for light measurements. The proposed method, compared to manual measure-
ments, minimized the risk of false positive or false negative results [16]. Another Raspberry
Pi-based reader was constructed for the quantitative analysis of immune-LFAs with gold
nanoparticles as reporters for the detection of digoxin in human serum. PP-LiteSeg, an
image segmentation neural network, was developed as a part of the PaddlePaddle Neural
Network Library for image processing. After analyzing seven samples with various concen-
trations of digoxin, the root-mean-squared error was 20.7% [17]. Finally, a nanozyme-based
lateral flow immunoassay was developed for the detection of HIN1 viral protein combined
with automatic centrifugal microfluidics. The detection system included a Raspberry Pi,
its camera and a Qt-based software for algorithm development. The system provided a
lower LOD compared to that obtained by the naked eye and semi-quantitative analysis [18].
There are few other approaches for the quantitative analysis of LFAs that are mainly based
on the use of smartphones and integrated with specific smartphone applications in some
cases. CMOS sensors or digital cameras have also been used. Most of these applications,
however, have not performed detailed quantitative analysis other than calibration curve
construction [19-25]. In more detail, lateral flow immunoassays have been developed in
combination with a smartphone and a smartphone application for the detection of aller-
gens in milk using a commercially available LFA [26], human serum albumin, alkaline
phosphatase in milk, saliva cortisol and TSH using a smartphone application in Matlab
2018b and R2010a [27-30] and IgG and IgM antibodies for SARS-CoV-2 using Python
3 and the PyQt5 library [25]. Dark boxes or 3D-printed accessories were also used to
enable image acquisition [19,31,32]. OpenCV and machine learning were also exploited
for quantification purposes [19]. A CMOS camera was also utilized for image acquisi-
tion, and post-processing image analysis was performed using the OpenMV H7 camera
module that can run MicroPython [24]. For automated quantification within NALFAs,
smartphones and smartphone applications were also used for the analysis of HIV [33],
while a smartphone-based system consisting of a 3D-printed photo box for standardized
positioning and lighting, a smartphone for image acquisition and a R Shiny open-source
package were also developed for the automated analysis of LFAs [23].

We herein report the development of a nucleic acid-based lateral flow assay (NALFA)
employing colored polystyrene nanoparticles as reporters for the molecular detection of
SARS-CoV-2 virus. The NALFA was then integrated with an automated image analysis
platform comprising a Raspberry Pi, a Raspberry Pi camera and a Python-based algorithm,
enabling both qualitative and quantitative analyses of the test strips. To the best of our
knowledge, this is the first Raspberry Pi-driven automated image processing system for
the analysis of optical outputs from NALFAs utilizing colored polystyrene microparticles
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for signal generation. Colored polystyrene microparticles exhibit better stability in buffers
and more rapid conjugation than gold nanoparticles, the most used reporter in LFAs, while
they have also shown advanced discrimination capability in multiplex LFAs integrated
with automated image analysis using smartphones [34-36].

2. Materials and Methods
2.1. Materials, Software and Instrumentation

The reagents used in this study include the following: 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) (AppliChem, Maryland Heights, MO, USA), 2-(N-Morpholino)ethanesulfonic
acid (MES), methanol, sucrose, Tween-20, Tris(hydroxymethyl)aminomethane (Tris-Base)
and sodium dodecyl sulfate (SDS) from Sigma-Aldrich (Saint Louis, MO, USA), biotiny-
lated polyadenine oligonucleotide (b-dA(30)) (VBC Biotech, Vienna, Austria), oligonu-
cleotides (Eurofins Ebersberg, Germany), deoxynucleotide triphosphates (ANTPs) (Invit-
rogen, Carlsbad, CA, USA), Triton-X-100 (Thermo Fisher Scientific, Waltham, MA USA),
Kapa2G Fast PCR Kit (Kapa Biosystems, Basel, Switzerland), ethylenediaminetetraacetic
acid (EDTA) and NaCl from Merck (Darmstadt, Germany), glycerol (Carlo Erba, Barcelona,
Spain), disodium phosphate (NayHPO,) (Lachner, Neratovice, Czech Republic), strepta-
vidin (SA) (Roche, Basel, Switzerland), terminal deoxynucleotidyl transferase (TdT) (New
England Biolabs, Ipswich, MA, USA), carboxylated blue polystyrene microspheres with
a diameter of 0.197 um (Bangs Laboratories Inc., Fishers, TN, USA), and a nitrocellu-
lose membrane, an immersion pad, a conjugate pad and absorbent material from Cytiva
(Marlborough, MA, USA). The primers, the detection DNA probe and the amplified DNA
sequence of SARS-CoV-2 are presented in Table 1.

Table 1. Sequences of synthetic oligonucleotides.

Oligonucleotide Sequence (5 — 3')
Forward Primer (SARS-CoV-2) GACCCCAAAATCAGCGAAAT
Reverse Primer (SARS-CoV-2) Biotin-TCTGGTTACTGCCAGTTGAATCTG

SARS-CoV-2 Target Sequence

GACCCCAAAATCAGCGAAATGCACCCCGCATTACGTTITG
GTGGACCCTCAGATTCAACTGGCAGTAACCAGA

SARS-CoV-2 Detection Probe ACCCCGCATTACGTTTGGTGGACC

The instrumentation and devices include a Raspberry Pi 4 Model B, 4 GB RAM,
2018 and the Raspberry Pi Camera Module 2 (8 MP, lens 3280 x 2464 px) (Raspberry Pi
Trading Ltd., Cambridge, UK) for image capturing and analysis of the strips” images. The
Dice TP60 thermal cycler (Takara Bio, Kusatsu, Japan) was used for SARS-CoV-2 DNA
amplification and hybridization reactions. The automative dispenser Linomat 5 (Camag,
Muttenz, Switzerland) and the UVP CrossLinker CL-3000 (Analytik Jena, Jena, Germany)
were used for strip construction. The software employed in this study included Image
J version 1.54h for densitometric analysis, OpenCV for image processing and Picamera2
library for image acquisition.

Finally, 1x PBS Buffer, pH 7.4, constituting 137 mM NaCl, 2.7 mM KCl, 8 mM
Nap,HPOy4 and 2 mM KH,POy, and 6 x SSC buffer, pH 7.0, constituting 0.9 M NaCl and
0.09 M sodium citrate, were used. The composition of 1x TE buffer was 10 mM Tris-
HCl1 pH 8.0 and 1 mM EDTA, that of the running buffer was 1x PBS pH 7.4, 0.1% (w/v)
Triton-X-100 and 0.05% (w/v) SDS and that of the hybridization buffer was 220 mM NaCl,
110 mM Tris-HCI, pH 8.0 and 0.088% Triton-X-100. The diluents for both poly(dA), used in
the construction of the control zone, and streptavidin, used in the construction of the test
zone, consisted of 5% (v/v) methanol, 2% (w/v) sucrose, and 6 x SSC buffer, pH 7.0.
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2.2. Coupling of Beads with Poly(dT) Oligonucleotide

For the modification of carboxylated microspheres, 10 pL of microspheres were added
to 100 L of MES buffer (0.1 M, pH 4.5). The microspheres were sonicated for 5 min and
then centrifuged at 7000x g for 10 min. The microspheres were washed twice with 100 pL
of MES bulffer and resuspended with 200 pL of the same buffer. Resuspension was enabled
by vortexing and sonication for 5 min. Then, 10 puL of a freshly prepared EDC solution
(10 mg/mL) was added, and the activation of the carboxylated microspheres was carried
out for 15 min at room temperature in the dark. Subsequently, 1 uL of amino-modified
thymidine oligonucleotide (NH,-dT(30)), at a concentration of 100 pmol/uL, and another
10 puL of EDC solution (10 mg/mL) were added, and the mixture was incubated for 1 h
under the same conditions. Next, 2 uL of 10% (v/v) Tween-20 were added to the modified
microspheres, and the suspension was centrifuged for 10 min at 7000 x g. This was followed
by two additional washing steps with 200 uL of 1x TE buffer, pH 8.0, and 1 uL of 10%
(v/v) Tween-20. A final resuspension was performed in 85 pL of 1x TE buffer, pH 8.0, for
storage or further use.

2.3. Addition of Poly(dA) Tail to Oligonucleotides

A tailing reaction was performed to add a poly(dA) tail to the DNA probe specific to
the PCR product of SARS-CoV-2 or a random oligonucleotide used for the construction of
the control zone of the rapid test. The reaction mixture contained 1x TdT buffer, 0,25 mM
CoCly, 400 pmol of the DNA probe or 1000 pmol of the random probe, 2 mM or 5 mM of
dATP, respectively, and 30 U of terminal deoxynucleotidyl transferase (TdT). The mixture
was incubated for 1 h in a water bath at 37 °C. Finally, 2 puL of 500 mM EDTA (pH 8.0) were
added to terminate the reaction, followed by storage at —20 °C.

2.4. Amplification of the Target Sequence via Polymerase Chain Reaction (PCR)

The SARS-CoV-2 DNA sequence was amplified by PCR in a final volume of 20 uL. The
PCR mixture contained 1x Kapa 2G Fast Ready Mix, 1 pmol of the forward primer, 1 pmol
of the biotinylated reverse primer, and 1 pL of the SARS-CoV plasmid of a concentration of
108 DNA copies/ pL. The PCR parameters were as follows: initial denaturation at 95 °C for
3 min, and then 35 cycles of denaturation at 95 °C for 5 s, primer annealing at 60 °C for 20 s
and primer extension at 72 °C for 5 s, followed by a final extension at 72 °C for 1 min.

2.5. Hybridization of PCR Products to Complementary Probe

The PCR products were hybridized to 1 pmol of a complementary DNA probe contain-
ing a poly(dA) tail, as described in Section 2.3. Hybridization was performed in a thermal
cycler at 95 °C for 2 min and at 37 °C for 10 min.

2.6. Construction of the Rapid Strip Test

The lateral flow assay (LFA)-rapid strip, with dimensions of 4 mm x 70 mm, con-
sisted of four parts: the immersion pad, the conjugate pad, the nitrocellulose diagnostic
membrane, and the absorbent pad. Beneath all these components, an adhesive plastic
backing was placed, which provided stable support for the individual segments. The
overlapping assembly of these components was essential to ensure the continuous flow of
the running buffer along the strip through the development of capillary actions. For the
construction of the test line and the control line on the diagnostic membrane of the strip, a
poly(dA) sequence (2.5 pmol/strip) was deposited onto the control zone and streptavidin
(SA) (2.4 pg/strip) was deposited onto the test zone using the Linomat 5 (CAMAG) semi-
automatic dispenser at a speed of 100 nL/s. The membrane was then placed into the UVP
CrossLinker CL-3000 and dried for 5 min at an energy of 125 mJ/cm?. The lateral flow test
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strip was then assembled as follows: the membrane was placed first on the adhesive plastic
supporting material, followed by the conjugate pad and the absorbent pad, positioned
below and above the membrane, respectively. These two components must slightly overlap
the membrane to support continuous flow of the reagents. Finally, the immersion pad
was placed at the bottom of the strip, slightly overlapping the conjugate pad. Once all
components were assembled, the assembly was cut into 4 mm wide strips.

2.7. Nucleic Acid-Based Lateral Flow Assay

Volumes of 5 uL of the hybridized PCR product (with the complementary DNA probe),
5 uL of microspheres conjugated with poly(dT) sequences, and 10 uL of the running buffer
were applied to the conjugate pad of the strip. The strip was then immersed in 320 pL
of the running buffer (1x PBS buffer (pH 7.4), 0.1% (w/v) Triton-X 100, and 0.05% (w/v)
SDS). The strip was removed from the solution after 10-15 min, and the PCR products were
visually detected. Finally, images of the biosensors were captured using the Raspberry Pi
Camera Module 2 and stored on the Raspberry Pi 4 for further analysis.

2.8. Image Acquisition and Image Processing Based on Raspberry Pi—Development of a
Home-Made Image Processing Algorithm Based on Python

Image Acquisition: the Raspberry Pi Camera Module 2 was connected via the CSI
interface and positioned at a fixed optimum distance from the strips. The strips were
illuminated with uniform ambient lighting to minimize shadows and reflections. The image
acquisition process was automated using the Picamera2 Python library by development of a
home-made and Python-based algorithm. The camera was initialized with a full-resolution
still configuration, and after a brief warm-up delay, a high-resolution JPEG image was
captured and stored locally on the Raspberry Pi. Image Processing: the captured image was
processed using the OpenCV library and converted to grayscale to simplify analysis. Three
specific regions of interest (ROIs) were defined using fixed pixel coordinates as follows:
(i) Control zone: the upper line on the membrane of the strip test was used to confirm the
test’s validity. (ii) Test zone: the lower line on the membrane was used to evaluate the
presence of the analyte, while the intensity of the color of the line indicated the analyte’s
concentration. (iii) Reference zone: a negative strip test was placed next to the strip test
and analyzed simultaneously in the same picture, so that the white background area of the
negative strip at the test zone was used as a neutral brightness reference. Then, the average
grayscale value of each ROI was calculated using NumPy version 2.2.0. The grayscale
intensity of the control zone was measured first to ensure the validity of the test. A test was
considered valid only if the control zone had an average grayscale value above a predefined
threshold (e.g., 30). Tests without a valid control zone were excluded from the analysis.
For the valid tests, the grayscale difference Ay was calculated between the test and the
reference zone as below:

Ay = |Gtest — Greference|

where G denotes the average grayscale intensity of each zone.

Finally, the software displayed the following on a PC screen for each test: (a) the
average grayscale value of the control zone (for validity check), (b) the average grayscale
values of the test and reference zones, (c) the difference Ay between the test and reference
zones, (d) the estimated concentration x of the analyte in fmol, (e) the mathematical
model used based on the calibration of the system, and (f) the validity status of the test.
Additionally, the software saved the original captured image and the cropped grayscale
images of the test, the control, and the reference zone on the Raspberry Pi.
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3. Results

In this study, a molecular rapid test was developed and integrated with a Raspberry Pi
and a Raspberry Pi camera for the automated detection and quantification of the SARS-CoV-
2 virus. Colored polystyrene microspheres were used as reporters for signal generation.
An automated ‘reading’ of the visual colored lines of the strips was developed, enabling
analysis and minimizing the human error due to subjective interpretation of the results. For
method development, a plasmid containing the DNA sequence responsible for the expres-
sion of the nucleoprotein of SARS-CoV-2 was used as a model accounting for real sample
analysis. This sequence was amplified by PCR, quantified via agarose gel electrophoresis,
and subsequently, after hybridization, detected by the molecular rapid test. The PCR
products were biotinylated and had a length of 72 base pairs. Hybridization was performed
using a specific DNA probe that carried a poly(dA) tail at its 3’ end (Figure 1A). The hybrids
were deposited onto the conjugate pad of the strip together with the poly(dT)—conjugated
polystyrene microspheres. The strip was then immersed in the running buffer, and as the
liquid migrated upwards, all reagents drifted along the strip. A blue test line formed as
the biotinylated hybridized products bound to the streptavidin and immobilized onto the
membrane at the test zone of the strip, due to the strong and specific biotin—streptavidin
interaction. The poly(dA) tail of the hybrids was hybridized to the poly(dT) sequence of
the blue-conjugated microspheres, leading to accumulation of the microspheres at the test
zone, producing a visible signal. A second blue line, corresponding to the control line of
the strip, was formed as the excess of the blue poly(dT)-conjugated microspheres were
captured by immobilized poly(dA) sequences at this area of the strip (Figure 1B).

(A)

Biotinylated DNA fragment
L Hybridization of the PCR
”!I!I!I! ””] E ” ” E products to the complementary
F"'°b° .— NH:d T
\,+
AAA

poly(dA) Blue beads-poly(dT)
Complementary DNA probe-poly(dA)
(B) .
EA
£ 0
O ®
e. .---*  PpolyA
.“*\_.
..y.,_u
streptavidin Seeey
. NH;-TIH 7T

Figure 1. (A) Hybridization reaction of the PCR product for SARS-CoV-2 to the complementary DNA
probe. (B) Principle of the lateral flow assay.

Finally, images were captured using the Raspberry Pi Camera Module 2, processed
using GIMP 2.10.38, and analyzed via a custom Python code. An integrated automated
system was therefore developed for the automated reading and quantification of the test
line of the strips, thereby determining the concentration of the PCR product. The objective
of this project was to develop a low-cost, user-friendly and automated image processing
system for the detection and determination of the concentration of a target biomolecule (e.g.,
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SARS-CoV-2 virus) using a rapid test integrated with a Raspberry Pi-based imaging system.
The grayscale intensity difference between two defined regions (a test and a reference
region) in a captured image of the strips was used to estimate the concentration of the
target through calibrated mathematical models.

3.1. Optimization Studies

The development of the proposed lateral flow strip using colored polystyrene mi-
croparticles was based on previous studies [34-36]. Further optimization studies, however,
were performed in order to obtain the most intense color signals at the test line of the strip,
in combination with high specificity and good flow of the microspheres along the strip, for
the molecular detection of SARS-CoV-2. Optimization studies included the hybridization
reaction, the composition of the running buffer and the application of the sample to the
strip test for analysis. Initially, two hybridization reactions were tested: (i) thermal denat-
uration and (ii) NaOH-assisted denaturation of the double-stranded amplified products
with subsequent hybridization to the DNA probe. For the first reaction, a volume of 2 pL
of the PCR product was mixed with 1 uL of the DNA probe—poly(dA) (1 pmol/uL), 1 uL
of 900 mM NaCl and 6 uL of 1x PCR buffer or hybridization buffer (220 mM NaCl110
M Tris-HCl pH 8.0, 0.088% Triton-X-100). The mixture was incubated for 2 min at 95 °C
and for 10 min at 37 °C. For the NaOH-based denaturation, a volume of 2 uL. of the PCR
product was mixed with 1 uL of the DNA probe—poly(dA) (1 pmol/uL), 3 uL of 1x PCR
Buffer and 5 ul. of NaOH 0.4 M,and the mixture was left for denaturation for 5 min at
room temperature. Then, 5 uL of HC1 0.4 M and 5 puL of Tris-HC1 0.4 M pH 7.5 were added,
followed by incubation for 15 min at room temperature to allow hybridization. The hybrids
were applied to the strip for analysis, along with 5 pL of red beads—poly(dT) conjugates.
The images of the strips are presented in Figure 2A. Thermal denaturation provided more
efficient hybridization, as it provided the most intense color at both the test and the control
line of the strip. A volume of 5 puL of the PCR product was also tested for hybridization
following the thermal denaturation protocol, but with no better results.

The running buffer was then optimized. The running buffer is crucial as it affects
the flow of the beads along the strip, the clearance of the membrane, the efficiency of
the hybridization of complementary DNA sequences and the elimination of non-specific
bindings. For these reasons, different compositions of the running buffer were tested in
order to obtain the best flow of the beads and the optimum clearance of the diagnostic
membrane, forming an intense blue zone at the control zone with the lowest non-specific
bindings at the test zone of the strip. The results are presented in Figure 2B. PBS buffer
provides a suitable ionic strength for efficient hybridization between two DNA strands
and interaction of biotin moieties with streptavidin, while Tween-20 and Triton X-100 are
surfactants that allow good flow of the beads and minimize non-specific bindings and SDS
eliminates non-specific interactions. With the use of the running buffer 1 (1x PBS pH 7.4,
0.5% Tween-20, 0.05% SDS), we observed that the beads were not captured at the control
zone, while the use of 0.5% BSA (Bovine Serum Albumin) in running buffer 2 resulted in
aggregation of the beads, which could not migrate along the strip. In the three following
running buffers (3-6), we replaced Tween-20 with Triton-X-100 in various concentrations
(0.1, 0.2 and 1.0%). Triton-X-100 provided better flow of the beads. However, during the
analysis of positive samples containing amplified PCR products, the flow of the beads
was again hindered. For this reason, we tested different application approaches of the
sample and the beads onto the conjugation pad. In the first approach, the hybridized PCR
product was mixed with the beads and incubated for 10 min at room temperature before its
application to the strip. For the second approach, the hybridized PCR product was mixed
with 10 pL of running buffer and then with the beads, and the mixture was applied to the
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strip. The second approach gave better flow along the strip (Figure 2C). We again tested
the use of Triton-X-100 in the running buffer at 0.1 and 0.2% with that of 0.1%, giving better
results (Figure 2D).

Optimization studies
A (&
) 1 2 3 © 1 2
cz
Ccz
TZ
HDD TZ ﬂ |§|
(B) (D)
1 2 3 4 5 1 2
cz - cz
TZ Z I

Figure 2. (A) Optimization of the hybridization assay with thermal denaturation and hybridiza-
tion in 1x PCR buffer (1), in hybridization buffer (2) and with NaOH-assisted denaturation (3).
(B) Optimization of the composition of the running buffer: (1) 1x PBS pH 7.4, 0.5% Tween-20, 0.05%
SDS, (2) 1x PBS pH 7.4, 0.5% Tween-20, 0,05% SDS, 0.5% BSA, (3) 1x PBS pH 7.4, 0.05% SDS,
0.2%Triton-X-100, (4) 0.1% Triton X-100, (5) 1.0% Triton X-100. (C) Different approaches of the ap-
plication of the sample and the beads onto the conjugation pad of the strip: (1) pre-mixing of the
PCR product with the beads and (2) pre-mixing of the PCR product with the running buffer and
the beads prior to the application to the strip. (D) Different compositions of the running buffer for
positive strips: (1) 1x PBS pH 7.4, 0.05% SDS, 0.2% Triton-X-100 and (2) 1x PBS pH 7.4, 0.05% SDS,

0.1% Triton-X-100. Red zones correspond to beads of red color and blue zones are formed using
blue-colored beads. CZ: control zone, TZ: test zone.

3.2. Detectability of the Rapid Test

After optimization, we constructed a calibration curve in order to assess the de-
tectability of the system. Initially, we tested the efficiency of the conjugated beads by
constructing a calibration curve using a biotinylated single-stranded target, a biotinylated
poly(dA) (b-dA(30)) sequence, using different concentrations of the target ranging from 0
to 250 fmol. As low as 1.56 fmol of the single-stranded DNA target was detectable by the
rapid test (Figure S1).

3.3. Development of the Automated Image Processing System Based on Raspberry Pi and
Python—Algorithm Description

Initially, a 3D-printed image acquisition system was designed and fabricated, as shown
in Figure 3, fixing the following together: the Raspberry Pi, special strip cases for the strips
to be analyzed and the Raspberry Pi camera at a fixed position from the strips in order to
acquire an image of high quality. The strip cases were designed accordingly to fit two strips
(a reference and a test strip) exactly in terms of width and length and hold it firmly in the
same position, as well as to contain windows where both the test and control lines of each
strip are visualized in a fixed position. In the context of developing an automated system
for detecting and quantifying the intensity of the optical signal on rapid strip tests using a
Raspberry Pi and a home-made algorithm developed in Python, a series of successive tests
were conducted to enable reliable discrimination between positive and negative samples,
as well as to estimate the concentration of the amplified product. However, for more accu-
rate quantification, simultaneous analysis of a test sample and a negative sample within
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the same image was selected to establish a fixed reference point for the corresponding
background. The negative strip test corresponds to the negative sample of the amplifi-
cation reaction to ensure more accurate quantification. For this purpose, two 3D-printed
black cases were designed, constructed and positioned together in the 3D-printed image
acquisition system (Figure 3). A quantification algorithm was then designed in Python
to (a) distinguish between negative and positive samples and (b) in the case of positive
samples, correlate the optical signal with the amount of analyte. To determine the difference
in the grayscale intensity between the test zone of the test sample and the corresponding
area of the negative sample (where no color signal appears), a relative intensity value
was calculated and used for relative quantification. For high accuracy, all photographs
were taken with the camera mounted in a fixed, calibrated position, maintaining constant
distance, angle, and lighting conditions. In this context, a stable camera stand and a white
background were used to ensure a consistent brightness level and uniform contrast across
all images. Simultaneously, the diagnostic strips were placed with a specific and repro-
ducible orientation in the suitable strip cases (Figure 3). This ensured that the predefined
cropping of the images coordinated in the software was performed accurately to isolate the
control and test zones of the strips. Any deviation in strip positioning or scaling could alter
the geometry of the regions of interest (at the pixel level), leading to incorrect grayscale
intensity measurements and unreliable quantification results. As mentioned above, to
minimize the impact of external factors, test samples were photographed simultaneously
with negative strip tests within the same image. This concurrent capture ensured that
both samples were subjected to identical lighting conditions and camera settings, enabling
reliable comparison of the zones and relative quantification of the signal based on grayscale
intensity differences. Even if image acquisition conditions varied slightly between different
samples, comparison within the same image remained reliable, since the measurement was
based on relative signals to corresponding signals of negative controls.

Automated image acquisition and processing system

Strips cases

\

Raspberry Pi Camera

J’

Raspberry Pi

|

3D-printed accessories

Figure 3. The automated image acquisition and processing system that comprises the Raspberry
Pi, the Raspberry Pi camera, the 3D-printed strip cases for the test and the reference strip, and the
3D-printed accessories used to mount the whole platform.

The developed quantification algorithm was implemented in Python; it performed
a series of steps, starting from image acquisition and concluding with the estimation of
the analyte’s concentration. In summary, the algorithm workflow includes the following
stages (Figure 4): (1) Image acquisition using the Raspberry Pi camera (Picamera 2) under
standardized distance, angle and lighting conditions. (2) Image rotation and cropping to
isolate the region containing the two strip tests. (3) Extraction of specific regions (reference,
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test, and control zone) based on predefined coordinates. (4) Conversion to grayscale and
measurement of the mean intensity value for each region. (5) Calculation of intensity
difference (Ay) between the test and the reference zone. (6) Application of a mathematical
model to determine the target quantity (x), expressed in fmol. The model selection depends
on the signal range. (7) Validation of result reliability based on the numerical solution.
(8) Visualization and storage of the final image, including graphical frames marking the
analyzed regions and displaying the output values—intensity measurements and estimated
concentration. Image analysis and numerical computations were implemented in Python
using the OpenCV library (for image processing) and NumPy (for numerical operations
and data array manipulation). The accuracy and consistency of the grayscale analysis and
the mathematical modeling performed by the developed software largely depend on the
standardized image acquisition procedure. More details about algorithm development are
described in the Supplementary Material.

Step 1:
Capture, rotate R
image 180°
——

Step 2:
Crop to black casing

(adjusted coordinates)

|

Step 3:
Extract strips from the casing
and combine them =
horizontally l ‘

= [

l

Step 4:
Convert to grayscale
Define zones using
updated coordinates

l

Step 5:

212035) puis 1848 1008 22

Figure 4. The workflow of the image processing Python-based algorithm.

3.4. Qualitative and Quantitative Analysis of the Rapid Tests Through Grayscale Signal Analysis
3.4.1. Calibration of the System

First of all, calibration of the developed algorithm was performed in order to obtain
accurate quantitative results. For this purpose, calibration curves were constructed by
preparing successive dilutions of the PCR product for SARS-CoV-2 in 1x PCR buffer
(10 mM Tris-HCl, pH 8.4, 500 mM KCl) ranging from 0 to 100 fmol, which were analyzed
with the rapid test (Figure 5A). The construction of the calibration curves of the target was
repeated 6 times to increase the quantitative accuracy of the test (Figure S2). As low as
0.78 fmol of the PCR product was detectable by the molecular strip test. For each strip
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test, the difference in grayscale intensity of the colored test line between the test and a
corresponding negative test was calculated. These grayscale values were used as the
optical response on the y-axis of the calibration curve, while the corresponding analyte
concentrations were plotted on the x-axis. For the calibration of the quantification system,
two models were employed: a linear model for PCR product concentrations up to 50
fmol, and a quadratic model for higher concentrations, where signal saturation occurs
(Figure 5B). The first calibration curve was used to estimate the concentration of unknown
samples based on a grayscale intensity difference (Ay) of <47.559 relative to the negative
reference sample within the same image, while the second calibration curve was applied to
higher target concentrations, where signal saturation occurs and the linear correlation is no
longer adequate.

(A) Quantity of PCR product for SARS-CoV-2, fmol

N 078 1.56 6.25 125 25 50 100

.
CZ o o mm ™ vy pmy P e

TZ e e D

(B) Calibration curves

Up to 50 fmol > 50 fmol
€0 70
.
50 : 60 ;
= T
> > 4
o 30 ' P ’
i 3 30 ]
@ 20 l - y=0.8092x +10.025 2 - : 7y =-0.0052x% + 1.0491x + 8.1025
[ t § R? = 0.9754 z R?=0.9829
G 10 f‘ =~ 10 ‘! )
0 0
0 20 40 60 0 20 40 60 80 100 120
Concentration of PCR product, fmol Concentration of PCR product, fmol

Figure 5. (A) Calibration curves of different concentrations of the PCR product analyzed with the
rapid test. (B) The calibration graphs of the grayscale values of the test zone of each strip versus
the amount of PCR product for quantification with the developed system. CZ: control zone, TZ:
test zone.

3.4.2. Application of the Automated System for the Analysis of a Series of Samples

To evaluate the accuracy and reliability of the automated image processing system
for detection and quantification of rapid tests, randomly selected PCR product samples
with various concentrations, as well as negative samples, were analyzed with the rapid
test (Figure 6). For each sample, the following parameters were recorded: the grayscale
intensity value of the test line, the estimated concentration (as determined by the model),
the actual concentration of the PCR product, the % relative error, and the % recovery. In
cases where samples did not contain the analyte, the grayscale difference between the
reference strip and the negative strip is very small or close to zero. In such instances,
the concentration calculated from the calibration equation may yield a negative or zero
value, and the sample is classified as negative. Although negative concentrations have
no physical meaning, they are interpreted as non-detectable analyte and are categorized
as negative samples. Following the analysis of a series of negative samples, a threshold
grayscale difference of <8.1025 units was established. Samples with Ay values below this
threshold were considered negative and were not subjected to further quantification by
the algorithm. After quantitative analysis of the samples, the calculated % relative error
and the % recovery were 2-16% and 84-108%, respectively, for the linear equation and
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3-17% and 85-107%, respectively, for the quadratic equation. Both mathematical models
exhibited very good accuracy. Moreover, as observed from the calibration curves and from
the analysis of various samples, the system had a resolution of 1-2 fmol of analyzed PCR
product related to SARS-CoV-2. Saturation of the signal at the test line of the strip occurs
above 50 fmol of PCR product.

J* -T: r-d - - -— r: e S SE B g

— - — — —

— — |

45fmol  7.5fmol  11fmol 12fmol 12fmol 12fmol 15fmol 15fmol  17fmol 24fmol 26fmol  32.5 fmol

™~

37 fmol

51 fmol

—d — — - -_. ]

39fmol 39 fmol 40fmol  40fmol  40fmol 44 fmol 44fmol  45fmol  47fmol 48 fmol

=% FF EE BE = PR ﬂ' S FF FF
~ = [F O =

il NN

51fmol  55fmol  57fmol  60fmol  62.5fmol 65fmol  66fmol 75 fmol 90 fmol

q p—
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Figure 6. Analysis of a series of samples with the rapid test and the developed algorithm. N: negative.

3.5. Repeatability of the Automated Integrated System

The repeatability assessment was performed by calculating the coefficient of variation
(%CV) for each concentration, based on the grayscale values obtained from the algorithm
for six independent runs. The results showed that at low concentrations (0.78-3.125 fmol),
the %CVs ranged between 17.9% and 27.7%, indicating relatively higher variability, which
is acceptable at concentrations close to the limit of detection. In contrast, at medium and
high concentrations (>6.25 fmol), the %CV values ranged from 4.2 to 8.6%, proving the very
good repeatability of the whole system. The variability at low concentrations was estimated
by analysis of a series of samples with different techniques that revealed a logarithmic
relationship between the variability of chemical measurements and the concentration of the
analyte which was independent of the analyte and of the technique used for measurement.
At low concentrations, the signal is very small and random fluctuations (noise) from the
instrument or environment have a significant influence on the signal, leading to variable
results and thus lower precision. Moreover, for this application, the use of a professional
dispenser, rather than a research-based one, for the construction of the sensing areas of the
strip may lead to a more reproducible method of strip construction, increasing the overall
precision, even at low concentrations [37-39].

4. Discussion and Conclusions

An automated system for the detection and quantitative estimation of nucleic
acids—specifically targeting the SARS-CoV-2 virus—was developed through the integra-
tion of nucleic acid-based lateral flow assay (NALFA) technology with automated image
analysis implemented in Python on a Raspberry Pi platform. Despite the widespread
use of advanced image processing tools, their application in the quantitative interpreta-
tion of lateral flow assays/rapid tests remains limited. The developed system enabled
the detection of colored sensing zones on rapid tests employing blue microspheres as
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reporters. Quantification was achieved by measuring the grayscale intensity of the test line
of each strip, thereby allowing for the relative quantification of the analyte concentration in
comparison with a negative control (reference sample). Following optimization studies,
calibration curves were constructed for system calibration. The inclusion of an internal
reference—specifically, a negative control strip whose image was captured simultaneously
with the test strip—facilitated correction for environmental and optical variations such as
lighting and background intensity, thus enhancing measurement accuracy. A dedicated soft-
ware tool was developed in Python, utilizing the OpenCV and NumPy libraries, to detect
and compute intensity differentials between test and reference regions and apply either a
linear or quadratic mathematical model for concentration estimation based on the provided
calibration. In this approach, the sensing zones of the strip are localized by the algorithm
by first detecting the control line. The fixed ROIs were designed to be slightly larger than
the visible regions of the band. This ensures that, even if minor positional shifts occur, the
entire test line remains within the RO, thereby preventing signal loss or misalignment
and securing simplicity, low computational cost, and speed for the Raspberry Pi platform.
In addition, the image is pre-cropped around the strips prior to ROI computation, which
significantly reduces the likelihood of erroneous ROI measurements. This step constrains
the sensing zones of the strip to a smaller, controlled frame, thereby avoiding errors arising
from large images containing noise or irrelevant regions. Therefore, small differences in
lateral flow strips from different baches, e.g., different lengths of the strips, do not affect
localization. Moreover, the cassette into which each strip is inserted is properly designed to
hold the strip in a reproducible, constrained position to ensure the accurate detection of the
zones. Finally, the presence of random materials in the area may affect the result; however,
due to the size of the region, the impact will be very small. This minimizes the need
for dynamic detection and avoids potential errors from automatic alignment algorithms
(e.g., due to noise, reflections, or minor strip imperfections). Experimental evaluation
using 40 samples with varying target DNA concentrations demonstrated high accuracy,
reliability and repeatability, with recoveries ranging from 84 to 108% and relative errors
below 20%. Moreover, the system achieved 100% sensitivity, specificity, and accuracy in
qualitative classification of positive and negative samples. Other approaches based mainly
on smartphones and developed applications, usually using Python, CMOS sensors and
digital cameras, provided recoveries ranging between 84 and 110% [19-33]. We therefore
have introduced a compact integrated platform of lower cost and have reduced subjective
errors using the corresponding equipment, compared to smartphone-based approaches for
automated image acquisition and image processing, for both qualitative and quantitative
analysis of NALFAs, providing similar accuracy compared to the existing methods. A
detailed quantification of samples with various analyte concentrations was also performed.

The key innovation of this approach lies in the integration of a low-cost biosensing
platform with inexpensive and accessible computational technology, enabling automated
and accurate quantification of rapid tests without the requirement for specialized labo-
ratory equipment or trained personnel. The incorporation of a fixed reference point and
grayscale-based comparative analysis ensured measurement robustness under variable
illumination conditions. The proposed integrated system provides a portable, user-friendly
and field-deployable diagnostic tool that overcomes limitations due to subjective interpre-
tation of the visual outcomes of LFAs. Continuous refinement of the algorithm through
expanded calibration datasets is expected to further enhance quantitative accuracy. The
described system establishes a foundation for the development of analogous diagnostic
platforms for diverse analytes, including infectious agents, biomarkers, or other nucleic
acid sequences. Furthermore, the diagnostic platform could also be extended to lateral
flow immunoassays for the automative detection/quantification of antigens and proteins,
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promoting low-cost diagnostic solutions overcoming the requirement of complex and costly
laboratory-based systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /526020598 /s1, Figure S1: Calibration curve of single-stranded
DNA sequence (b-dA(30)) with the nucleic acid-based rapid test. N: negative, CZ: control zone, TZ:
test zone; Figure S2: Calibration curves of different concentrations of the PCR product for SARS-CoV-2
with the nucleic acid-based rapid test. N: negative, CZ: control zone, TZ: test zone.
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Abbreviations

The following abbreviations are used in this manuscript:

LAMP  Loop-mediated isothermal amplification
LFAs Lateral flow assays

MES 2-(N-Morpholino)ethanesulfonic acid
NALFA  Nucleic acid lateral flow assay

PCR Polymerase chain reaction

POCT Point-of-care testing

ROI Region of interest

RT Reverse transcription

SDS Sodium dodecyl sulfate

TdT Terminal deoxynucleotidyl transferase

References

1.

Rink, S.; Baeumner, A.J. Progression of Paper-Based Point-of-Care Testing toward Being an Indispensable Diagnostic Tool in
Future Healthcare. Anal. Chem. 2022, 95, 1785-1793. [CrossRef]

Turbé, V.; Herbst, C.; Mngomezulu, T.; Meshkinfamfard, S.; Dlamini, N.; Mhlongo, T.; Smit, T.; Cherepanova, V.; Shimada, K,;
Budd, J.; et al. Deep Learning of HIV Field-Based Rapid Tests. Nat. Med. 2021, 27, 1165-1170. [CrossRef]

Sariyer, R.M.; Edwards, A.D.; Needs, S.H. Open Hardware for Microfluidics: Exploiting Raspberry Pi Singleboard Computer and
Camera Systems for Customisable Laboratory Instrumentation. Biosensors 2023, 13, 948. [CrossRef]

Boehle, K.E.; Doan, E.; Henry, S.; Beveridge, ].R.; Pallickara, S.L.; Henry, C.S. Single Board Computing System for Automated
Colorimetric Analysis on Low-Cost Analytical Devices. Anal. Methods 2018, 10, 5282-5290. [CrossRef]

Jang, H.; Ahmed, S.R.; Neethirajan, S. Gryphsens: A Smartphone-Based Portable Diagnostic Reader for the Rapid Detection of
Progesterone in Milk. Sensors 2017, 17, 1079. [CrossRef] [PubMed]

Sweeney, R.E.; Nguyen, V,; Alouidor, B.; Budiman, E.; Wong, R.K.; Yoon, ].Y. Flow Rate and Raspberry Pi-Based Paper Microfluidic
Blood Coagulation Assay Device. IEEE Sens. |. 2019, 19, 4743-4751. [CrossRef]

Sariyer, R.M.; Gill, K.; Needs, S.H.; Hodge, D.; Reis, N.M.; Jones, C.I,; Edwards, A.D. Time- and Distance-Resolved Robotic
Imaging of Fluid Flow in Vertical Microfluidic Strips: A New Technique for Quantitative, Multiparameter Measurement of Global
Haemostasis. Sens. Diagn. 2023, 2, 1623-1637. [CrossRef] [PubMed]

Sariyer, RM.; Gill, K K.; Needs, S.H.; Reis, N.M.; Jones, C.I; Edwards, A.D. Looping Flexible Fluoropolymer Microcapillary Film
Extends Analysis Times for Vertical Microfluidic Blood Testing. Sensors 2024, 24, 5870. [CrossRef]

https:/ /doi.org/10.3390/s26020598


https://www.mdpi.com/article/10.3390/s26020598/s1
https://www.mdpi.com/article/10.3390/s26020598/s1
https://doi.org/10.1021/acs.analchem.2c04442
https://doi.org/10.1038/s41591-021-01384-9
https://doi.org/10.3390/bios13100948
https://doi.org/10.1039/C8AY01874J
https://doi.org/10.3390/s17051079
https://www.ncbi.nlm.nih.gov/pubmed/28489036
https://doi.org/10.1109/JSEN.2019.2902065
https://doi.org/10.1039/D3SD00162H
https://www.ncbi.nlm.nih.gov/pubmed/38013763
https://doi.org/10.3390/s24185870
https://doi.org/10.3390/s26020598

Sensors 2026, 26, 598 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Qi, W.; Zheng, L.; Wang, S.; Huang, F; Liu, Y,; Jiang, H.; Lin, J. A Microfluidic Biosensor for Rapid and Automatic Detection of
Salmonella Using Metal-Organic Framework and Raspberry Pi. Biosens. Bioelectron. 2021, 178, 113020. [CrossRef]

Chen, SJ.; Tseng, C.C.; Huang, K.H.; Chang, Y.C.; Fu, L.M. Microfluidic Sliding Paper-Based Device for Point-of-Care Determina-
tion of Albumin-to-Creatine Ratio in Human Urine. Biosensors 2022, 12, 496. [CrossRef] [PubMed]

Chung, S.; Loh, A.; Jennings, C.M.; Sosnowski, K.; Ha, S.Y.; Yim, U.H.; Yoon, J.Y. Capillary Flow Velocity Profile Analysis on
Paper-Based Microfluidic Chips for Screening Oil Types Using Machine Learning. |. Hazard. Mater. 2023, 447, 130806. [CrossRef]
Nguyen, H.Q.; Nguyen, V.D.; Phan, V.M.; Seo, T.S. Development of a Self-Contained Microfluidic Chip and an Internet-of-Things-
Based Point-of-Care Device for Automated Identification of Respiratory Viruses. Lab Chip 2024, 24, 2485-2496. [CrossRef]
Layne, T.R.; Scott, A.; Cunha, L.L.; Turiello, R.; Landers, J.P. Three-Dimensional-Printed Instrument for Isothermal Nucleic Acid
Amplification with Real-Time Colorimetric Imaging. Micromachines 2024, 15, 271. [CrossRef]

Yang, Y.; Dou, X.; Zhang, T.; Xu, Z.; Wang, Y.; Cai, G.; Huang, X.; Liu, B. A Portable Microfluidic in Vitro Diagnostic Device for
Rapid Detection of Procalcitonin. Nanotechnol. Precis. Eng. 2025, 8, 043005. [CrossRef]

Huttunen, A.; Aikio, S.; Kurkinen, M.; Makinen, J.T.; Mitikka, R.; Kivimaki, L.; Harjumaa, M.; Takalo-Mattila, J.; Liedert, C.;
Hiltunen, J.; et al. Portable Low-Cost Fluorescence Reader for LFA Measurements. IEEE Sens. J. 2020, 20, 10275-10282. [CrossRef]
Russell, S.M.; Alba-Patifio, A.; Vaquer, A.; Clemente, A.; de la Rica, R. Improving the Quantification of Colorimetric Signals in
Paper-Based Immunosensors with an Open-Source Reader. Sensors 2022, 22, 1880. [CrossRef]

Guillermo, N.A.; Chawla, R.; Zheng, E.M.; Battikha, A.A.; Chen, K.J.; Kamei, D.T. Development of a Universal Lateral-Flow
Immunoassay Interpretation Device Prototype with Quantitative Output for Blind or Visually Impaired Individuals. IEEE Sens. ].
2023, 23, 23536-23544. [CrossRef]

Huang, Y.; Wang, L.; Zhou, J.; Miao, G.; Zhang, L.; Mauk, M.G.; Gao, L.; Qiu, X. An Integrated Centrifugal Microfluidic System for
Automatic Nanozyme ELISA Lateral Flow Immunoassay at Point-of-Care Testing. Microfluid. Nanofluid. 2025, 29, 36. [CrossRef]
Zhang, S.; Jiang, X.; Lu, S.; Yang, G.; Wu, S.; Chen, L.; Pan, H. A Quantitative Detection Algorithm for Multi-Test Line Lateral
Flow Immunoassay Applied in Smartphones. Sensors 2023, 23, 6401. [CrossRef]

Zhao, G.; Liu, S; Li, G.; Fang, W,; Liao, Y.; Li, R.; Fu, L.; Wang, J. A Customizable Automated Container-Free Multi-Strip Detection
and Line Recognition System for Colorimetric Analysis with Lateral Flow Immunoassay for Lean Meat Powder Based on Machine
Vision and Smartphone. Talanta 2023, 253, 123925. [CrossRef]

Bheemavarapu, L.P.; Shah, M.I; Joseph, J.; Sivaprakasam, M. IQVision: An Image-Based Evaluation Tool for Quantitative Lateral
Flow Immunoassay Kits. Biosensors 2021, 11, 211. [CrossRef] [PubMed]

Jing, M.; McLaughlin, D.; McNamee, S.E.; Raj, S.; Mac Namee, B.; Steele, D.; Finlay, D.; McLaughlin, J. A Novel Method
for Quantitative Analysis of C-Reactive Protein Lateral Flow Immunoassays Images via CMOS Sensor and Recurrent Neural
Networks. IEEE |. Transl. Eng. Health Med. 2021, 9, 1900415. [CrossRef] [PubMed]

Schary, W.; Paskali, F; Rentschler, S.; Ruppert, C.; Wagner, G.E.; Steinmetz, I.; Deigner, H.P.; Kohl, M. Open-Source, Adaptable,
All-in-One Smartphone-Based System for Quantitative Analysis of Point-of-Care Diagnostics. Diagnostics 2022, 12, 589. [CrossRef]
[PubMed]

Raj, S.; McCafferty, D.; Lubrasky, G.; Johnston, S.; Skillen, K.L.; McLaughlin, J. Point-of-Care Monitoring of Respiratory Diseases
Using Lateral Flow Assay and CMOS Camera Reader. IEEE |. Transl. Eng. Health Med. 2022, 10, 2800208. [CrossRef]

Cuny, A.P,; Rudolf, F,; Ponti, A. PyPOCQuant—A Tool to Automatically Quantify Point-Of-Care Tests from Images. SoftwareX
2021, 15, 100710. [CrossRef]

Nelis, J.L.D.; Bura, L.; Zhao, Y.; Burkin, K.M.; Rafferty, K.; Elliott, C.T.; Campbell, K. The Efficiency of Color Space Channels
to Quantify Color and Color Intensity Change in Liquids, PH Strips, and Lateral Flow Assays with Smartphones. Sensors
2019, 19, 5104. [CrossRef] [PubMed]

Foysal, K.H.; Seo, S.E.; Kim, M.J.; Kwon, O.S.; Chong, ].W. Analyte Quantity Detection from Lateral Flow Assay Using a
Smartphone. Sensors 2019, 19, 4812. [CrossRef] [PubMed]

Yu, L.; Shi, Z.Z.; Fang, C.; Zhang, Y.Y.; Liu, Y.S.; Li, C.M. Disposable Lateral Flow-through Strip for Smartphone-Camera to
Quantitatively Detect Alkaline Phosphatase Activity in Milk. Biosens. Bioelectron. 2015, 69, 307-315. [CrossRef]

Choi, S.; Kim, S.; Yang, ].S.; Lee, ].H.; Joo, C.; Jung, H.I. Real-Time Measurement of Human Salivary Cortisol for the Assessment
of Psychological Stress Using a Smartphone. Sens. Bio-Sens. Res. 2014, 2, 8-11. [CrossRef]

You, D.J.; Park, T.S.; Yoon, ].Y. Cell-Phone-Based Measurement of TSH Using Mie Scatter Optimized Lateral Flow Assays. Biosens.
Bioelectron. 2013, 40, 180-185. [CrossRef]

Ruppert, C.; Phogat, N.; Laufer, S.; Kohl, M.; Deigner, H.P. A Smartphone Readout System for Gold Nanoparticle-Based Lateral
Flow Assays: Application to Monitoring of Digoxigenin. Microchim. Acta 2019, 186, 119. [CrossRef]

Xiao, W.; Huang, C.; Xu, F; Yan, J.; Bian, H.; Fu, Q.; Xie, K.; Wang, L.; Tang, Y. A Simple and Compact Smartphone-Based Device
for the Quantitative Readout of Colloidal Gold Lateral Flow Immunoassay Strips. Sens. Actuators B Chem. 2018, 266, 63-70.
[CrossRef]

https://doi.org/10.3390/s26020598


https://doi.org/10.1016/j.bios.2021.113020
https://doi.org/10.3390/bios12070496
https://www.ncbi.nlm.nih.gov/pubmed/35884299
https://doi.org/10.1016/j.jhazmat.2023.130806
https://doi.org/10.1039/D3LC00933E
https://doi.org/10.3390/mi15020271
https://doi.org/10.1063/5.0252263
https://doi.org/10.1109/JSEN.2020.2992894
https://doi.org/10.3390/s22051880
https://doi.org/10.1109/JSEN.2023.3306284
https://doi.org/10.1007/s10404-025-02812-9
https://doi.org/10.3390/s23146401
https://doi.org/10.1016/j.talanta.2022.123925
https://doi.org/10.3390/bios11070211
https://www.ncbi.nlm.nih.gov/pubmed/34203515
https://doi.org/10.1109/JTEHM.2021.3130494
https://www.ncbi.nlm.nih.gov/pubmed/34873497
https://doi.org/10.3390/diagnostics12030589
https://www.ncbi.nlm.nih.gov/pubmed/35328142
https://doi.org/10.1109/JTEHM.2022.3193575
https://doi.org/10.1016/j.softx.2021.100710
https://doi.org/10.3390/s19235104
https://www.ncbi.nlm.nih.gov/pubmed/31766483
https://doi.org/10.3390/s19214812
https://www.ncbi.nlm.nih.gov/pubmed/31694281
https://doi.org/10.1016/j.bios.2015.02.035
https://doi.org/10.1016/j.sbsr.2014.08.001
https://doi.org/10.1016/j.bios.2012.07.014
https://doi.org/10.1007/s00604-018-3195-6
https://doi.org/10.1016/j.snb.2018.03.110
https://doi.org/10.3390/s26020598

Sensors 2026, 26, 598 17 of 17

33.

34.

35.

36.

37.
38.
39.

Xu, X.; Wang, X.; Hu, J.; Gong, Y.; Wang, L.; Zhou, W.; Li, X.J.; Xu, E. A Smartphone-Based on-Site Nucleic Acid Testing Platform
at Point-of-Care Settings. Electrophoresis 2019, 40, 914-921. [CrossRef] [PubMed]

Kalogianni, D.P,; Litos, I.K.; Christopoulos, T.K.; Ioannou, P.C. Dipstick-Type Biosensor for Visual Detection of DNA with
Oligonucleotide-Decorated Colored Polystyrene Microspheres as Reporters. Biosens. Bioelectron. 2009, 24, 1811-1815. [CrossRef]
Lamprou, E.; Kokkinis, A.; Kalligosfyri, PM.; Koustoumpardis, PN.; Kalogianni, D.P. Harnessing Machine Vision and Image Pro-
cessing in Multicolor Lateral Flow Assays for Cutting-Edge Liquid Biopsy Applications. Sens. Actuators B Chem. 2025, 437, 137729.
[CrossRef]

Papadopoulos, M.; Kokkinis, A.; Lamprou, E.; Kalligosfyri, PM.; Koustoumpardis, P.N.; Kalogianni, D.P. Smartphone-Powered
Automated Image Recognition Tool for Multianalyte Rapid Tests: Application to Infectious Diseases. Anal. Chem. 2025, 97,
13340-13349. [CrossRef]

Horwitz, W. Evaluation of Analytical Methods Used for Regulation of Foods and Drugs. Anal. Chem. 1982, 54, 67-76. [CrossRef]
Albert, R.; Horwitz, W. A Heuristic Derivation of the Horwitz Curve. Anal. Chem. 1997, 69, 789-790. [CrossRef]

Schepers, U.; Ermer, ].; Preu, L.; Witzig, H. Wide Concentration Range Investigation of Recovery, Precision and Error Structure in
Liquid Chromatography. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2004, 810, 111-118. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/526020598


https://doi.org/10.1002/elps.201800449
https://www.ncbi.nlm.nih.gov/pubmed/30511768
https://doi.org/10.1016/j.bios.2008.08.056
https://doi.org/10.1016/j.snb.2025.137729
https://doi.org/10.1021/acs.analchem.5c01487
https://doi.org/10.1021/ac00238a002
https://doi.org/10.1021/ac9608376
https://doi.org/10.1016/S1570-0232(04)00598-7
https://doi.org/10.3390/s26020598

	Introduction 
	Materials and Methods 
	Materials, Software and Instrumentation 
	Coupling of Beads with Poly(dT) Oligonucleotide 
	Addition of Poly(dA) Tail to Oligonucleotides 
	Amplification of the Target Sequence via Polymerase Chain Reaction (PCR) 
	Hybridization of PCR Products to Complementary Probe 
	Construction of the Rapid Strip Test 
	Nucleic Acid-Based Lateral Flow Assay 
	Image Acquisition and Image Processing Based on Raspberry Pi—Development of a Home-Made Image Processing Algorithm Based on Python 

	Results 
	Optimization Studies 
	Detectability of the Rapid Test 
	Development of the Automated Image Processing System Based on Raspberry Pi and Python—Algorithm Description 
	Qualitative and Quantitative Analysis of the Rapid Tests Through Grayscale Signal Analysis 
	Calibration of the System 
	Application of the Automated System for the Analysis of a Series of Samples 

	Repeatability of the Automated Integrated System 

	Discussion and Conclusions 
	References

