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ABSTRACT: The quantitative detection of different molecular
targets is of utmost importance for a variety of human activities,
ranging from healthcare to environmental studies. Bioanalytical
methods have been developed to solve this and to achieve the
quantification of multiple targets from small volume samples.
Generally, they can be divided into two different classes: point of
care (PoC) and laboratory-based approaches. The former is rapid,
low-cost, and user-friendly; however, the majority of the tests are
semiquantitative, lacking in specificity and sensitivity. On the
contrary, laboratory-based approaches provide high sensitivity and
specificity, but the bulkiness of experimental instruments and GEE
complicated protocols hamper their use in resource-limited settings.

In response, here we propose a smartphone-based device able to

support laboratory-based optical techniques directly at the point of care. Specifically, we designed and fabricated a portable
microplate reader that supports colorimetric, fluorescence, luminescence, and turbidity analyses. To demonstrate the potential of the
device, we characterized its analytical performance by detecting a variety of relevant molecular targets (ranging from antibodies,
toxins, drugs, and classic fluorophore dyes) and we showed how the estimated results are comparable to those obtained from a
commercial microplate reader. Thanks to its low cost (<$300), portability (27 cm [length] X 18 cm [width] X 7 cm [height]),
commercially available components, and open-source-based system, we believe it represents a valid approach to bring high-precision
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laboratory-based analysis at the point of care.

Bl INTRODUCTION

The recent COVID-19 pandemic shows how, in our globalized
world, health and environmental issues can quickly spread
across the globe in a matter of days or weeks."”” The realization
of this new status quo is dramatically changing our perspective
on how we are diagnosing diseases, shifting the focus from a
country-focused surveillance system to a globalized one.”~>
This new horizon forces the research community to develop
more accessible and cost-effective sensing technologies. The
goal is to supply every country with the best available clinical
resources and know-how to diagnose and contain diseases."™®
To succeed in this task, the currently available and established
sensing technologies allow us to pursue two different
approaches. The first one is based on the use of classical
point of care (PoC) sensors (i.e., lateral flow assays and
electrochemical sensors such as a glucometer).()_ll The second
approach is based on the re-engineering of laboratory-based
methodologies for their use at the point of care.”””"
Undoubtedly, the former approach includes invaluable tools
to carry out extensive, low-cost, and rapid testing directly in
the field;” however, their sensitivity and limits of detection are
© 2022 The Authors. Published by
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often inappropriate to detect low concentrations of
targets.””~'” On the contrary, laboratory-based methodologies
produce more precise data that allow better clinical accuracy.
However, they require expensive instruments, multistep
processes, and trained personnel, which strongly hamper
their use in the field.'"® Despite the better analytical
performance displayed by laboratory-testing methodologies,
little effort has been devoted to translating them into portable,
cheap, and easy-to-use analytical devices.'” This is mainly due
to the technical hurdles related to the integration of all of the
hardware and software into a small device, keeping costs
low.””*" Therefore, the development of a low-cost, portable,
and easy-to-use device that is able to support laboratory-testing
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Figure 1. Schematic illustration describing the portable device. (A) When the portable platform is closed, the smartphone can be placed on top of
the lid for image acquisition (bottom). At the same time, the temperature control module is placed on the top, specifically in the gap found on the
top-left corner of the portable platform (top). (B) When the portable platform is open, it is possible to see the different components integrated into
the case, such as the microplate (moved by the stepper motor through the y-axis), Bluetooth module, Arduino board, the stepper motor, the
temperature, and humidity sensors. (C) Optical system of the portable platform consists of one UV SMD LED and four white LEDs, an excitation
filter, an emission filter, and a concave lens to optimize the focal distance between the samples and the smartphone.

methodologies at the point of care could strongly impact our
method of diagnosing and treating diseases.

Microplates are one of the most used instruments to
perform laboratory-testing analysis (i.e., biochemical and cell-
based assays) for clinical and biological applications.”***
Their success comes from their ability to process multiple
samples (i.e., commonly 96 individual wells, but some can have
up to 3456 wells™) and to support different readout strategies
(ie, colorimetric, fluorescence, and luminescence).25 For
example, microplates are commonly used as support in an
enzyme-linked immunosorbent assay (ELISA), which is the
gold standard test for the detection of clinically relevant
antigens and antibodies.”** They are also routinely used in
molecular tests [i.e., polymerase chain reaction (PCR)], cell
counting, and chemical and biological tests (i.e., drug-
screening tests with cells, biochemical tests with bacteria,
chemical characterization of fluorophores, etc.).”” ">’ Contrary
to the practicality of the multiwell microplate itself, microplate
readers are generally bulky (i.e., not portable), delicate, and
expensive (i.e., ranging between tens to hundreds of thousands
of dollars) equipment.'® These features render most of them
nondeployable at the point of care, limiting their adoption in
resource-limited environments, such as in low-income
countries and teaching laboratories.”” The reason behind
their bulkiness and high cost is that they are meant to provide
high-quality multiplex measurements in a fully automated
laboratory using expensive and delicate components such as
lasers, filters, and computers.” Fortunately, nowadays, we can
find analogue components that are cheaper and can provide
performance similar to their expensive counterparts.

Smartphones, cheap fabrication methods (i.e., three-dimen-
sional, 3D printing), light-emitting diodes (LEDs), and
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software based on open-source systems (ie., Arduino®"**)
are valuable tools to achieve the democratization of the
healthcare system.'® For example, smartphones are low-cost
and portable devices capable of capturing high-resolution
photos, displaying enough computing power to analyze
complex data through a user-friendly interface. 3D printing
technologies allow the low-cost fabrication of almost any kind
of object within minutes or hours using a wide range of
materials (i.e., plastics, metals).33_36 LEDs represent cheap,
low-consumption, and tunable light sources that can be easily
miniaturized and integrated into a portable device. Finally,
open-source systems allow the control and automation of
complex mechanical movements and calculus procedures
without the need for expensive and delicate components. In
this work, we synergically combined these tools to fabricate a
low-cost (<$300), portable, plate reader capable of carrying
out colorimetric, fluorescence, bioluminescence, and turbidity
measurements through a commercial smartphone (Figure 1).
We demonstrate how our portable reader can achieve
analytical performance comparable to the classic commercial
microplate readers and perform all of the experimental steps
required by bioanalytical assays without the need for further
instrumentations.

B MATERIALS AND METHODS

Optimization of the Optical System. The resolution and
clarity of the pictures captured with the portable platform are
keystones of our device. Therefore, we used a convergent lens
to improve the focus capability of the smartphone camera since
the distance between the smartphone and the ELISA plate is
very short (2.0 cm or 20 mm), which limits the focus capability

https://doi.org/10.1021/acs.analchem.1c04491
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Figure 2. Fluorescence spectra measurements. (A) Microplate is located in the device and the lid is closed, and the fluorescent signal can be easily
acquired through a smartphone. The image can be converted to an RGB scale, which allows the quantitative estimation of the fluorescence signal.
(B) Emission spectra of the different QDs recorded with the commercial reader (top) and the corresponding pictures taken with the smartphone
(bottom). (C) Combinations of different QDs yield different emission colors. (D) Emission spectra of the new combination of different color QDs
read with the commercial reader (top) and the corresponding pictures taken using our portable platform (bottom).

(the shortest distance the smartphone camera can focus) of the
smartphone cameras and the proper resolution of the images.
In this regard, we optimized the focal length required by the
optical lens using the following formula

1 1 1
d

f (1)

where “f’ is the desired focal length, “d” is the real distance
between the smartphone camera and the surface of the liquid
sample to be analyzed, and “d"” is the real focal length of the
smartphone. We consider using 100 uL of sample per well in
the ELISA plate, indicating that the real distance between the
smartphone camera and the sample is 17 mm. Therefore, the
required focal length of the convergent lens is around 11 mm,
providing an optimal focus and the best resolution of the
images captured by the smartphone.

Chemical Reagents and Materials. Provided in the
Supporting Information.

Fluorescence Tests. We used the portable reader to
measure the signal produced by three different fluorescent
dyes. More specifically, we used Q21341MP red quantum dots
(QDs) (excitation 365 nm, emission 615 nm), blue QDs
(excitation 365 nm, emission 420 nm), and Q21321MP green
QDs (excitation 365 nm, emission 530 nm). We demonstrate
that our device can detect different emission wavelengths
(QDs can all be excited at 365 nm independently of the
emission spectra). Specifically, we measured both individual
QDs (producing red, green, and blue emissions) as well as

d
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their combinations (to produce cyan, yellow, and pink
emission spectra). To perform the measurement, we used
Nunc 96-well black plates with transparent bottom wells
because the black plates hinder the cross-contamination of
light between wells while the transparent bottom wells allow
the samples to be excited from the light source. Then, we
selected the optimal concentration for each dye using a
commercial reader. Specifically, we tested different concen-
trations of QDs diluted in Milli-Q water and we selected those
that provided a similar emission intensity for the three dyes
(i-e, 25 nM for red QDs, 200 nM for green QDs, and 50 nM
for blue QDs) (Figure 2B). After that, we used SO uL of each
solution containing the QDs as the working volume and
recorded their fluorescence signal through our portable
platform. Next, to obtain different emission colors, we mixed
and combined 25 uL of each of the red (25 nM), green (200
nM), and blue (50 nM) QDs (Figure 2C,D). Specifically, the
mixing and combination of red QDs and blue QDs yielded
magenta color, the combination of red QDs and green QDs
yielded yellow color, and the combination of blue QDs and
green QDs yielded cyan color.

To estimate the limit of detection (LoD) of the portable and
the commercial microplate reader for a dye, we measured the
minimum concentration of the selected fluorescent label able
to generate an instrumental signal of three times the standard
deviation of the background signal. Specifically, the limit of
detection was estimated using the following equation in
SigmaPlot (v 14.5)

https://doi.org/10.1021/acs.analchem.1c04491
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3.
LOD = [Dye]: OBLANK

(Fpye — Fyank) (2)
where [Dye] is the concentration of the dye, opank is the
standard deviation of the fluorescent signal in the absence of
the dye, Fpyg is the fluorescence signal emitted by the dye, and
Fprank is the fluorescence background signal.

Colorimetric ELISA Tests. To perform ELISA assay, we
used 96-well white clear bottom microplates (Fisher Scientific)
to avoid the well-to-well cross-contamination of light of fully
transparent plates. We followed a standard immune-sandwich
ELISA protocol for the detection of the SARS-CoV-2
nucleoprotein antigen, which was recently developed by our
group (Figure 4). First, we coated the wells using 100 L of a
solution of a capture antibody (polyclonal, 40588-T62,
SinoBiological) at a concentration of S yg/mL prepared in
0.05 M carbonate-bicarbonate buffer (CBS), pH 9.6, for 16 h
at 4 °C. Next, we performed a washing step using 100 uL of
washing buffer per well (0.01 M phosphate buffer saline at pH
7.4, 0.05% Tween-20), and then we added 3% bovine serum
albumin (BSA) (in phosphate-buffered saline, PBS buffer) as a
blocking agent for 2 h at 37 °C. Of note, the blocking agent
allows coating the uncovered area (without the primary
antibodies) on the ELISA wells to prevent further unspecific
adsorption of other biomolecules present in the sample during
the immunoassay. We then performed another washing step
using the washing buffer. After this step, we added different
concentrations of nucleoprotein (from 1 ng/mL to 1 ug/mL)
dissolved in PBS (0.01 M, pH 7.4) to the wells. We let the
solution incubate for 1 h at 25 °C, washed the wells three times
(using the washing buffer), added the detection antibodies
(monoclonal, MA1-7403, ThermoFischer) and let them
incubate for 1 h at 25 °C. After this step, we washed the
plate three times with the washing buffer and added the anti-
mouse IgG (modified with horseradish peroxidase, HRP) for 1
h at 25 °C at a concentration of 0.05 pg/mL prepared in PBS
(0.01 M, pH 7.4). Finally, after washing the plate three times
with the washing buffer, we proceeded with the addition of 100
uL of the colorimetric substrate (tetramethylbenzidine, TMB)
at a concentration of 0.1 M; then, after 20 min, we added 50
L of 1 M H,SO, to stop the enzymatic reaction. After this last
step, we collected the colorimetric signal using both a
commercial reader (using dual-wavelength detection at 450
nm to quantify the biochemical oxidation of TMB and at 620
nm to lessen unspecific absorptions from the media) and our
portable reader using the smartphone.

For the second ELISA test, we followed a standard immune-
sandwich ELISA protocol for the detection of human
immunoglobulin G (human IgG) (Figure S11). First, we
added 100 pL of anti-HIgG antibody at 2 pug/mL diluted in
carbonate-bicarbonate buffer (CBS; 0.05 M, pH 9.6) to coat
the ELISA wells overnight at 4 °C. Then, we removed the
solution and washed the wells three times using 250 uL of the
washing buffer (0.01 M phosphate buffer saline at pH 7.4, 0.1%
Tween-20), followed by the addition of 200 uL of 3% BSA (w/
v) (in PBS buffer) as the blocking agent for 1 h at 37 °C and
repeated the washing step afterward. Next, we added 100 yL of
human IgG diluted in PBS (0.01 M, pH 7.4) at different
concentrations to the wells precoated with anti-HIgG antibody
and incubated for 45 min at 37 °C. After this step, we removed
the solutions and added 100 yL of a solution containing the
anti-HIgG antibody at 0.0S ug/mL in PBS to the wells and
incubated for 30 min at 37 °C. Then, we added 100 uL of

1274

HRP—streptavidin (0.0S pg/mL) to the wells and incubated
for another 30 min at 37 °C. Of note, it is crucial to perform
three to five repetitions of washing steps after every incubation
process to avoid the unspecific binding of biomolecules, which
could lead to false-positive signals. Finally, we added 100 uL of
TMB (substrate solution) to the wells and incubated for 20
min at 37 °C, followed by the addition of 50 L of 1 M H,SO,
(stop solution). The plates were immediately read either with
the commercial reader (using dual-wavelength detection at 450
nm to quantify the biochemical oxidation of TMB and at 620
nm to lessen unspecific absorptions from the media) or with
the portable reader.

Data Analysis of the Colorimetric ELISA Tests.
Although the commercial reader can selectively and specifically
read the yellow optical signal from the wells using the
absorbance value at 450 nm, the smartphone camera only
captures the image but cannot directly quantify the color
intensity. To overcome this, we used ImageJ to analyze the
pictures collected after the ELISA tests. Specifically, we
converted the yellow color to a pale gradient into a white to
black gradient, which can be easily analyzed by Image]. To
achieve this, we exported the pictures obtained within the
portable platform using the smartphone camera to the software
Image]. Then, we set the hue threshold (range of hue values in
the HSL encodings of the RGB system) between 35 and 45,
corresponding to the yellow color in ImageJ, which turns the
yellow color to black. Once the black to white images were
obtained, we quantified the color intensity of the area
corresponding to the microplate wells as follows: the whiter
the images, the higher the values, whereas the darker the
images, the lower the values. Afterward, we plotted these data
on a scatter diagram and compared the results obtained by the
commercial reader and the portable platform using the
concentration of antigen (i.e,, nucleoprotein or human IgG)
as the x-axis and the colorimetric signals recorded as the y-axis.
The resultant data were fitted using a four-logistic equation in
SigmaPlot (v 14.5)

0 MAX
(S[Target] - S[Target])

o ( )b} )

where Sipy is the colorimetric signal in the presence of
different concentrations of the target, [Target] is the target
concentration, Sf%éet] is the colorimetric signal seen at
saturating concentrations of the target, S[()Target] is the
background signal seen in the absence of the target, Csqy, is
the midrange concentration of target (inflection point), and b
is the slope factor.

Bioluminescent Assays. To grow Aliivibrio fischeri for the
toxicity measurements, we thawed at room temperature a stock
culture of A. fischeri frozen at —80 °C for 10 min. Then, we
added 2.5 uL of this stock culture to 25 mL of marine broth
(MB medium), and the culture was left to grow at 25 °C and
135 rpm (orbital shaking) for 20 h (SSM1 mini orbital shaker
from Stuart). Our MB medium contains 0.5% tryptone (w/v),
2% NaCl (w/v), 0.3% yeast extract (w/v), and 0.3% glycerol
(v/v) dissolved in Milli-Q water.”” We monitored the bacterial
growth by measuring the bioluminescence produced in the
commercial reader resulting always in an optimal growth
between 20 and 24 h after inoculation in the raw media. Once
the cellular density reached at least 10° CFU/mL and
bioluminescence was higher than 10° dimensionless units

MAX
S[Target] = S[Target]
[Target]

CSO%
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(recorded with the commercial reader SpectraMax iD3), we
used our plate reader to carry out the bioluminescent assay
(please refer to Figure S18 in the Supporting Information, SI
for a detailed explanation of the bacterial growth protocol). We
mixed 50 uL of bacteria and 50 uL of the sample
[pentachlorophenol (PCP) at different concentrations diluted
in 2% NaCl water] in a well and incubated them under
agitation using the stepper motor (using the agitator
functionality of the reader) for S min. Eventually, individual
pictures from each well were captured with the smartphone
using ISO 1000 and different integration times. The pictures
captured with the smartphone were later analyzed using the
software Image] (version 1.53h).

To quantify the toxicity of PCP over A. fischeri, we
determined the ECs, (half-maximal effective concentration)
for both the portable and the commercial microplate readers.
We measured the bioluminescence intensity of the bacteria
after the exposure to different concentrations of PCP for 5 min
and subtracted the value of the blank (growth media without
bacteria) from all of the measurements. Afterward, we divided
all of the values by the bioluminescence of the control culture
(bacteria without antibiotic) and plotted all of the results on a
scatter diagram to calculate the ECs, values for each reader,
with the x-axis being the concentration of PCP and the y-axis
the normalized bioluminescence. Specifically, the ECy, was
estimated using the following equation in GraphPad Prism (v
8.0.1.244)

(top — bottom)
(1 + lo(x—log ECso))

y = bottom +
(4)

where x is the concentration of PCP, y is the bioluminescence
output of the bacteria, Top and Bottom are parameters
calculated by the software after the mathematical adjustment
and fitting of all of the data, and ECsj is the concentration of
PCP that inhibits 50% of the bacterial bioluminescence.

Description of the Production of Wax-Patterned
Circles. We created a matrix (12 X 8) of circles of 0.108 cm
in diameter aligned at a distance of 0.905 c¢m from each other
(distance between each well of the 96 ELISA plate) so that
every circle is in the center of each well. The design was
printed on a poly(ethylene terephthalate) (PET) substrate of
125 X 82 cm using a wax (solid-state) printer (Xerox
ColorQube 8570DN) in black color. It should be noted that
other types of printers (consumer inkjet or laser printer) can
be used; however, wax printing has a transmittance of 0% and
produces a pure black color. In this way, maximum efliciency
in terms of contrast is achieved.

Bacterial Culture and Drug Screening. We grew A.
fischeri in marine broth (MB) at 25 °C either in an orbital
agitator or within the portable platform under shaking
conditions (20 h cultivation). We grew the two strains of
Escherichia coli and Salmonella typhimurium in tryptic soy broth
(TSB) at 37 °C either in the incubator or within the portable
platform (18 h cultivation) without any shaking (Figure $20).
The growth was monitored by including blank samples (media
without bacteria) and comparing the optical density at 600 nm
of the cultures with and without bacteria after the incubation
process.

We diluted the bacterial cultures to normalize the bacterial
concentration to 2-10° CFU/mL (corresponding to a value of
optical density of 0.2 au) by adding the appropriate volume of
growth media to reach a final volume of 50 yL. Next, we added
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50 uL of antibiotics at different concentrations (from 0 to 125
ug/mL diluted in appropriate growth media) to the ELISA
wells containing 50 uL of bacteria. This step was followed by
an incubation step performed at 25 °C with shaking for A.
fischeri and at 37 °C without shaking for E. coli. Eventually, we
determined the bacterial growth using the commercial reader
to measure the ODgyy and the smartphone together with the
portable platform to analyze the turbidity of the media based
on the dark wax-patterned circles. Briefly, to increase the
contrast between the growth media and the media containing a
high concentration of bacteria, a dark spot of wax printed over
a white paper was placed at the center below the ELISA wells.
This new method allows for increasing the contrast between
those samples containing low concentrations of bacteria
(darker spot, light not reflected) and high concentrations of
bacteria (whiter spot, light reflected by the presence of
particles [bacterial cells] within the media), boosting the
sensitivity of the detection of bacterial growth within the
portable platform.

We determined the % of bacterial growth for both the
portable and the commercial microplate readers to quantify the
antimicrobial capacity of the antibiotics against the different
strains of bacteria. We measured the turbidity of the media
according to the method previously explained, where the
absence of bacterial growth due to a high concentration of
antibiotics yields a darker wax circle than the growth of
bacteria that yields a wither wax circle. First, we subtracted the
value of the blank (growth media without bacteria) from all of
the measurements. Afterward, we divided all of the values by
the turbidity value obtained with the control culture (bacteria
without antibiotic) and plotted all of the results on a scatter
diagram to calculate the corresponding ECy, values, with the x-
axis being the concentration of antibiotic in yg/mL and the y-
axis the growth percentage (growth %, au) corresponding to
the normalized turbidity of the media. Specifically, the % of
inhibition was estimated using the following equation in
SigmaPlot (v 14.5)

The equation for drug screening using the commercial
reader

% growth inhibition

_ (OD6oosampIe - OD6OOblank) % 100
OD6OOnoantibiotic (5)
The equation for drug screening using the portable platform
(Lample = Thian)
% growth inhibition = smple Pk’ o 100
noantibiotic (6)

OD600, e refers to the optical density at 600 nm of the
bacterial growth with a certain concentration of antibiotic,
whereas OD600y,,, refers to the optical density of the raw
media without bacteria and ODG600,,,,piosic refers to the
optical density of the bacterial growth without any antibiotic in
the equation used for the commercial reader. In this sense, the
subscripts used for intensity (i.e., Lymple) in the equation used
for the portable platform refer to the same parameters.

B RESULTS AND DISCUSSION

Optical and Mechanical Platform Design. Our portable
reader is a rectangular-shaped box (27 cm [length] X 18 cm
[width] X 7 cm [height]) made of polyoxymethylene, which is
designed to contain all of the hardware components (ie.,
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electronic, mechanical, and optical) required to perform the
different bioanalytical tests (Figure 1). As an optical reader, we
used a commercial smartphone, which also allows controlling
the different components of the device through an integrated
app (Figures 1A and S3A). To make the overall device more
versatile and easier to use, we incorporated a sliding lid into the
device to allow easy loading of the plate and correct acquisition
of the image by the smartphone. Specifically, the optical lens
on the lid indicates where the smartphone should be placed to
keep its camera aligned to the selected well (Figure 1A,
bottom). At the same time, the lid guarantees stable lighting
conditions to obtain reproducible images that can be
quantitatively analyzed. We installed several functional
components inside the device: an Arduino microcontroller,
the thermoelectric module, a linear actuator coupled with a
stepper motor, the optical system, humidity, and temperature
sensors, and the complementary electronic elements (i.e.,
motor driver, resistors, LEDs, etc.) (Figure 1B). All of these
components are commercially available, and we selected them
to keep the overall cost of the device below $300 (Table S1).
Of note, we did not include the price of the phone (Huawei
P20 Lite) in the overall cost of the device because it may vary
from country to country and brand to brand and because
smartphones are widespread and used all over the world. In
2021, for example, the number of smartphone users in the
world stood at 6.378 billion, which is over 80% of the world
population.”®

To monitor and precisely select the temperature inside the
device, we installed a thermoelectric module (also known as a
Peltier module), which works in combination with the
temperature and humidity sensors (Figure 1A, top). Indeed,
through the smartphone app, we can precisely and quickly
(minutes) set specific temperature conditions. The module
includes two heat sinks and two fans that allow the automatic
and rapid change of the temperature gradient without the need
for user intervention (Figure S1). Specifically, we can lower the
temperature up to 7 °C and increase it by more than 30 °C;
therefore, if the room temperature is 25 °C, we can cover the
temperature range from 18 to 57 °C (Figure S2). At the same
time, to precisely control the moving and the shaking of the
plate inside the device, we integrated a stepper motor in the
supporting frame (Figure 1B). Specifically, this component is
integrated into the mechanical frame (linear actuator) and is
designed to house a 96-well plate. Thanks to its spatial fine-
tuning, it is possible to correctly align all of the optical parts
with every single well of the plate. To minimize the size of the
unit, the movement of the plate is automatized (again using the
smartphone) on the z-axis (from well 1 to 12), while the
movement on the x-axis can be performed only manually by
placing the desired microplate row aligned with the
smartphone camera on top. Additionally, the activation of
the motor can be programmed to shake (linear movement up
to 160 rpm) the plate, supporting all of the conjugation and
incubation steps that are critical in many bioanalytical assays
(i.e, ELISA or cell cultures).

The core of the device is the optical system, which is
composed of an emission filter, a microlens (to decrease the
focal distance; for more details, see the Materials and Methods
section), an excitation filter, and light-emitting diodes as
excitation sources (Figure 1C). Specifically, the first two
components are integrated into the lid of the device, and they
are located between the smartphone (used to acquire the
images) and the 96-well plate (i.e., containing the different
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samples to be analyzed). The emission filter (long-pass filter
400 nm) allows avoiding the collection of the light coming
from the excitation source, thereby reducing the background
signal observed in the pictures captured using the smartphone.
The light source is located on the bottom (within the portable
platform) and exploits five LEDs (Figure 1C): one UV LED
with an excitation wavelength at 365 nm to support
fluorescence assays and four white LEDs to support different
colorimetric assays. To carefully select the correct excitation
wavelength, we combined the UV LED with an excitation filter
(bandpass 370 nm) to perform fluorescence-based assays and
improve the acquisition of the optical signal.

Finally, the smartphone plays a key role because it allows us
to acquire the image directly from the well plate and collect the
optical signal. In this work, we used a smartphone (Huawei
P20 Lite) introduced into the market (in the midrange) almost
4 years ago, which displays a camera of 16 MegaPixels, a
diaphragm aperture of f/2.2, a sensor size of 1/3.1”, and a
pitch size of 1.1 um. These represent the minimum
requirements that the smartphone must display to obtain the
same results we obtained and described throughout this work.
Moreover, taking into account that manufacturers are currently
producing smartphones using better sensors and optics in the
low-/midrange of the market, the use of a new and different
smartphone can only positively affect the acquisition of the
image from the well plate, improving the overall sensitivity of
the device.

Automation, Interface Design, and Device Operation.
The functional core of our device is shared by the Arduino
microcontroller and the smartphone through a dedicated app,
which allows them to work in synergy, making the device
intuitive and easy to use. Specifically, we created the app using
MIT App Inventor 2, an open-source web application that
allows newcomers to computer programming to create
application software.”®”” The graphic user interface (GUI) of
our app is shown in Figure S3, together with all of the blocks
containing the logical instructions for programming it. The app
is connected to the Arduino device through a Bluetooth
connection. The GUI is designed to contain several buttons
and sliding bars to select and control the operation of the
portable reader (i.e., read temperature and humidity; type of
assay: colorimetric, fluorescence, bioluminescence; incubation,
alignment, temperature adjustment; and the number of
measurements) (Figure S3A). Of note, there are commercially
available apps to read 96-well microplates. However, they have
three main limitations compared to our system. First, they
generally perform just only one kind of measurement, while
our system can perform four different measurements
(fluorescence, colorimetric, luminescence, and turbidity).
Second, since they are independent of hardware, their results
may be affected by different lighting conditions. Finally, being
commercially available, the user has limited possibilities to
adapt the app to their specific needs.

For a better understanding, most of the applications
(concerning their interaction with the Arduino) are designed
to send a number via Bluetooth to the microcontroller that
interprets it as an action to be performed (Figure S3B). For
instance, to perform a colorimetric test, we need only to press
the associated button of the app, which sends the number
(13). On pressing the associated button, the Arduino powers
up the digital pin defined as pinWhite (white light), the app
opens the camera to capture a picture of the first well, and
next, send the number (41) to the Arduino to move the
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Figure 3. Fluorescence measurements. (A) Images of different concentrations of red QDs captured using different smartphone camera settings
(same ISO value [1000] and varying integration time values [from S to 0.033 s]). (B) Calibration curves obtained to estimate the sensitivity and
the limit of detection (LoD) of our platform. We used red QDs as a testbed and modulated both the LoD and sensitivity of our optical platform
using different integration times with the smartphone camera (absolute values). (C) Comparison of the normalized calibration curves obtained
with the commercial reader (black curve) and the portable platform. The “error bars” we report for fluorescent measurements reflect standard

deviations derived using three independent replicates.

stepper motor to the next well (710 steps is the distance from
well to well). In this process, there is a variable that counts the
number of times that this cycle is repeated and can be modified
to achieve a specific number of measurements. The rest of the
assays work similarly. Fluorescence turns on the UV LED while
Bioluminescence keeps the device dark. To better understand
this part, see the Arduino Sketch file and the connection
diagram Figure S4. Finally, a demonstration of the device in a
real working environment can be seen in Movie SI.
Fluorescence Test. Our portable reader allows measuring
the fluorescence signal emitted from standard dyes showing its
ability to support multiplexed analysis like commercial
microplate readers. Fluorescence is widely exploited as a signal
readout for the detection of many clinically relevant
biomarkers, thanks to its high sensitivity and rapid
detection.””"' Despite its advantages, the application of
fluorescence-based diagnostic techniques in low-resource
scenarios has been hampered by the use of bulky, fragile,
and expensive instruments.””** To demonstrate the ability of
our device to selectively detect different fluorescence signals,
we used a set of three fluorophore molecules as a testbed.
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Specifically, two are commercially available (i.e, Q21341MP
red QDs and Q21321MP green QDs from Fisher Scientific)
and the third one (blue graphene QDs) was synthesized
following a previous protocol.”’ We selected these dyes
because they display similar absorption spectra, and so they
can be excited with similar efficiency by the same optical
source, a UV LED at 365 nm (Figure SSA). Next, we collected
the images from wells containing different solutions of the
three dyes at nanomolar concentrations (Figure 2A). We find
that the optical filters used for the excitation (bandpass at 370
nm) and emission (long-pass at 400 nm) allow the smartphone
reader to detect only the fluorescence signal emitted by each
single dye (Figure 2B). More specifically, the conversion of the
optical signal to the RGB scale allows obtaining blue, green,
and red colors, which correspond to the expected fluoresce
signals emitted from three dyes (Figure 2B; for image
acquisition and analysis procedure, see Figure S6).

The images acquired by the smartphone demonstrate the
ability of our system to detect all of the different RGB
secondary colors associated with the corresponding emission
spectra. To challenge our device, we tested it against solutions
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Figure 4. Colorimetric measurements. (A) Schematic of the colorimetric detection of the N-protein from SARS-CoV-2. In step 1, the first capture
antibody is attached to the microwell, and then the microwells are washed and blocked with BSA (See Colorimetric ELISA Tests in Materials and
Methods). In step 2, the N-protein (i.e., the target analyte) is added to the microwells, and the unbound proteins are removed using a washing
buffer. In step 3, a second capture antibody is added and incubated to allow the binding with the N-protein previously captured by the first capture
antibody. In step 4, after an additional washing step, an antibody labeled with the HRP enzyme can recognize the second capture antibody. After a
final washing step, the enzymatic substrate TMB is added to the solution, and the intensity of the generated yellow color is correlated to the
concentration of N-protein in the sample. (B) Raw colorimetric signal (top) collected from the wells using the smartphone and their conversion to
black/white scale (bottom) for the estimation of the different concentrations of the N-protein. (C) Calibration curves for SARS-CoV-2
nucleoprotein were obtained with the portable reader (left) and a commercial microplate reader (right). The error bars we report for colorimetric
measurements reflect standard deviations derived using three independent replicates.

that display emission spectra composed of the sum of two
optical signals. Specifically, through the precise combination of
two dyes, we have created emission spectra that can be
converted into a secondary color of the RGB scale (ie.,
magenta, yellow, and cyan) (Figure 2C). Of note, the RGB
scale is a color model in which primary colors (i.e., red, green,
and blue) are combined in different proportions to produce a
myriad of different colors.** The secondary colors are obtained
when two of the primary colors at the same intensity are
combined. The software Image] (i.e., a free software employed
for the analysis of the images)*** allows us to measure the
intensity of individual pixels or a selected area of the image,
providing quantitative data based on the RGB system by giving
three numbers that correspond to the intensity of the red,
green, and blue colors, respectively.”'5 Furthermore, we
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optimized the concentrations of the previously characterized
blue, green, and red QDs so that they can display the same
fluorescence intensity (Figure S7). Then, we mixed red QDs at
25 nM with green QDs at 200 nM to obtain a fluorescence
signal corresponding to the yellow color, red QDs at 25 nM
with blue QDs at 50 nM to obtain magenta, and green QDs at
200 nM with blue QDs at S0 nM to obtain cyan (Figure 2C).
Through the analysis of the acquired images, we demonstrate
the ability of our system to detect the different fluorescence
signals which can be converted to the expected secondary color
(Figure 2D). The possibility to detect an optical signal
composed of the combination of two fluorophores demon-
strates the ability of the platform to fully exploit the RGB scale

for multiplexing detection.””**
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Figure S. Bioluminescent measurements. (A) Schematic of the performance of the bioluminescent toxicity assays with A. fischeri. The bacteria A.
fischeri are grown in seawater (~2% NaCl), yielding microbial bioluminescence (on the left). Afterward, the bacteria are placed in contact with a
sample containing a specific concentration of pentachlorophenol (PCP, a pesticide) after 20 h of growth (in the center). Eventually, after S min of
incubation, the presence of a toxic substance induces a decay in the bioluminescence intensity (on the right). (B) Bioluminescence inhibition
profile of A. fischeri obtained after 5 min of exposure to different concentrations of pentachlorophenol using a constant ISO 1600 and different
integration times (10 s on top and 15 s on the bottom). (C) Presence of PCP in the samples has toxic effects on A. fischeri through oxidative stress
and DNA mutations. Therefore, the higher the concentration of PCP, the greater harm to A. fischeri, and thus the stepper bioluminescence decay.
On the left, bioluminescence spectra of A. fischeri collected at different concentrations of pentachlorophenol; on the right, normalized calibration
curves describing the bioluminescence inhibition profiles of A. fischeri obtained with our portable platform using different smartphone camera
settings (blue curves) and the commercial reader (black curve). The corresponding ECy, values are 8.67 mg/L for the microplate (commercial)
reader, 8.76 mg/L for the conditions ISO 1000 and 10 s with the portable platform, and 8.80 mg/L for the conditions ISO 1600 and 15 s with the
portable platform. The error bars we report for bioluminescent measurements reflect standard deviations derived using three independent
replicates.

Finally, we demonstrate that our smartphone-based optical image acquisition and analysis, see Materials and Methods and
reader displays analytical performance comparable to commer- Figure S6). Furthermore, to improve the detection of the
cial microplate readers. Indeed, after demonstrating the fluorescence signal, we explored and characterized two
possibility to selectively detect different types of QDs and parameters involved in the image acquisition: the acquisition
then different fluorescent signals (Figure 3), we decided to time and the ISO of the phone camera (Figures 3A and S8).
characterize our optical system through the estimation of its Through the rational tuning of these parameters, the device
limit of detection (LoD) for a selected dye.49 To do this, we can be programmed to achieve different sensitivities (estimated
used the red QDs due to their slightly higher absorbance at by LoD from 0.1 to 3 nM) and linear ranges (between 300 and
365 nm, which leads to a higher fluorescence signal. 0.1 nM; Figure 3B). To better characterize the analytical
Specifically, we measured the fluorescence at different performance of the device, we compared it with a commercial
concentrations of the dye, ranging from 0.1 to 300 nM. We reader. The estimated LoD for the commercial reader (0.14 +
observe that the intensity of the red color is perfectly 0.07 nM) is comparable to the value observed for our optical
correlated to the dye concentration (Figure 3A). Again, reader, such as the useful linear range (Figure 3C). Finally, to
using Image], we can easily extract the relative RGB value, demonstrate the versatility of our device, we detected different
which allows us to perform a quantitative measurement (for concentrations of a second commercially available fluorophore.
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To do this, we used fluorescein (FAM), and using the same
approach, we can track its fluorescent signal estimating a LoD
of 0.32 + 0.05 uM (Figure S9). The obtained LoD, in this
case, is higher than the value estimated for the commercial
reader (0.14 + 0.07 nM) because the excitation wavelength of
fluorescein is around 470 nm, while the UV LED installed
within the portable platform emits at 365 nm. In this sense, the
LoD could be further improved by installing an excitation UV
LED at 470 nm for fluorescein-related applications. This result
highlights the ability of our system to perform quantitative
detection of commercial fluorescent organic dyes.

Colorimetric ELISA Test. Our device can support
colorimetric-based diagnostic techniques allowing the direct
quantification of clinically relevant biomarkers. To evaluate its
analytical performance as a testbed, we carried out the ELISA
assay, which is recognized as one of the clinical gold standard
techniques for the detection of protein biomarkers.”® More
specifically, ELISA tests are immunoassays used to detect
analytes (i.e., antibodies, antigens, proteins, and small
molecules) employing enzymatic-tagged antibodies that
provide amplification of the optical output, which is directly
proportional to the concentration of the analyte. Their
popularity comes from their high throughput (i.e., when
combined with microplates) and sensitivity (i.e., due to the
enzymatic reaction) that allow measuring nanomolar and
picomolar ranges of biomarkers in hundreds of patients in a
single day.”' ~>” Despite its clinical relevance, the long protocol
(hours) based on batch processes (i.e., washing, dilutions, and
incubations steps) and expensive readouts have prevented their
use at the point of care or in resource-limited settings.22 Here,
the goal is not only to demonstrate the ability of our
smartphone-based platform to achieve diagnostic data but also
to make the overall assay more user-friendly through the use of
a single device. Specifically, the versatility of our system helped
us to perform all of the critical steps required for the
preparation of the assay. For example, the temperature sensor
and the mechanical motion (i.e., shaking of the plate) allow
fully performing all of the incubation steps without the need
for further instruments.

To test our smartphone-based plate reader, we challenged it
with an ELISA test for the detection of the clinically relevant
SARS-CoV-2 N-protein (Figure 4A). To achieve this, we
developed an immune-sandwich assay based on the use of two
primary antibodies, which can recognize the presence of the N-
protein through the formation of a surface-adsorbed immune-
sandwich complex (Figure 4A). The presence of the secondary
HRP-labeled antibody (streptavidin—horseradish peroxidase)
and the enzymatic substrate [i.e., tetramethylbenzidine
(TMB)] allows the recognition of the sandwich complex and
the quantification of the N-protein through (Figure 4B, top).
Specifically, after the completion of the enzymatic reaction (15
min), the colorimetric signal is collected from each well of the
plate using the smartphone. Then, the acquired images are
processed and analyzed by Image], and they are converted to a
grayscale color to improve the contrast with the background
color (Figure S10; see Materials and Methods for further
details). Next, we have plotted the obtained values in function
of the N-protein concentrations used during the assay, and we
observe the expected sigmoidal curve (Figure 4C, left and
Figure S11). Using a four-logistic equation fit, we estimated a
limit of detection of 31.4 + 0.3 ng/mL (here, the errors
represent the relative standard deviation among three different
wells) and a linear dynamic range that spans 2 orders of
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magnitude (from 30 to 1000 ng/mL). Such results are
comparable to those obtained using a commercial plate reader
(Figure 4C, right), where we observe a slightly lower LoD
(8.74 + 0.03 ng/mL) and a linear range spanning from 10 to
1000 ng/mL. Finally, to further demonstrate the diagnostic
properties of our device, we used the same approach to detect
IgG antibodies as a second biomarker observing similar
analytical performance (Figure S12).

Bioluminescent Assays. The portable smartphone-based
reader can also support the reading of bioluminescence,
extending the possible real-world applications of the device.
Over the last three decades, bioluminescent bacteria have been
exploited to develop bioanalytical platforms to achieve
environmental rnonitoring.sz*_59 Their sensing mechanisms
rely on the metabolic capabilities of such bacteria to produce
light in response to an enzymatic reaction (carried out by a
luciferase enzyme).”**° Because this signal is a direct indicator
of their metabolic status (which is in communication with the
media), its changes or variations can be used to track the
presence of toxic and dangerous compounds® % (Figure SA).
Here, as a testbed, we employ the bacteria A. fischeri (a marine
Gram-negative bacteria) as a bioluminescent probe to detect
the presence of the pesticide pentachlorophenol (PCP) in
water.’%*

First, we characterized and optimized the signal acquisition
process of the smartphone camera. To do this, we explored the
effect of different ISO values and integration time with respect
to (1) the intensity of the bioluminescence and (2) the
contrast of the pictures acquired. To do this, we created a
matrix of images by selecting five different ISO values (400,
640, 800, 1000, and 1600) and five different integration times
(4, 6,8, 10, and 15 s). Using these parameters, we collected the
bioluminescent signal from different wells provided by bacteria
(Figures SB and S13). Comparing the different pictures, we
can observe how the use of low ISO values and short
integration time provides low reflection and light contami-
nation; however, this leads to very low intensity values and
contrast of the bioluminescence signal captured with the
smartphone. On the contrary, high ISO values and integration
time provide brighter images, but the overexposure times often
lead to burned images that become tricky to analyze (Figure
S12). Hence, to achieve a good compromise among bio-
luminescence intensity, light reflection, and optimal contrast,
we selected an ISO value between 1000 and 1600 combined
with a long integration time (10 and 15 s; Figure SB).

Next, we used the portable plate reader to measure the
bacteria’s bioluminescence in the presence of increasing
concentrations of PCP, a broad-spectrum pesticide generally
found in water samples.”°® More specifically, PCP is
metabolized into electrophilic compounds that bind to DNA
and proteins, causing double and single DNA strand breaks,
base oxidation, formation of reactive oxygen species (ROS),
and protein adducts.”” We tested the bacterial population
against six different, environmentally relevant concentrations of
PCP s anning the concentrations range from 1.5 to 100 mg/
LO10%%% (Figure S14). As expected, the toxicity of PCP inhibits
the cellular fitness of the bacteria affecting the luciferase
activity, inducing a decrease in the overall bioluminescent
signal (Figure 5B).%* This behavior is further confirmed by the
bioluminescence spectra, which do not display a change in the
emission wavelength distribution but only in the intensity
(Figure SC, left). Plotting the bioluminescent signal as a
function of the concentration of PCP, we can build toxicity
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Figure 6. Turbidimetric measurements. (A) On the left: schematic of the principle underlying low bacterial concentration (=low turbidity) and
high bacterial concentration (=high turbidity); the presence of an active antimicrobial agent (i.e., antibiotic) hinders bacterial growth, promoting
bacterial death, and thus low turbidity media as a result of low bacterial growth. Conversely, the absence of an active antimicrobial agent does not
prevent the growth of bacteria, which reach high concentrations and thus result in high turbidity media. On the right: schematic of the performance
of the turbidimetric measurements using the portable platform. A dark circle made of wax is stuck on the bottom of the microplate wells, and the
bacterial samples are illuminated from below with a white LED light. In the presence of many bacteria, the bacterial cells scatter the white light rays
in many directions, which makes the dark wax circle appear whiter from the top, where the smartphone camera captures the images. Conversely, in
the absence of bacteria, the white light rays are not scattered in such a high frequency, and thus the dark wax circle appears darker. (B) Images
acquired with the smartphone and the portable platform for the growth inhibition of different bacteria using different antibiotics. On the left:
samples of A. fischeri grown in the presence of different concentrations of kanamycin (from 0 to 64 ug/mL). The higher the concentration of
kanamycin, the lower the turbidity and darker the wax circle because of the absence of bacterial growth. On the right: samples of E. coli
ATCC25922 grown in the presence of different concentrations of amoxicillin (from 0 to 64 yg/mL). The higher the concentration of amoxicillin,
the lower the turbidity and darker the wax circle because of the absence of bacterial growth. (C) Growth inhibition profiles of E. coli ATCC11303
corresponding to the turbidity changes under different antibiotic concentrations in the portable platform (left) and the commercial reader (right).
For the commercial reader: ECsgpe, = 29.15 pug/mL, ECgopmp = 0.04 pg/mL, ECsoprmo = 1.42 pg/mL, and ECs,, = 2.32 pug/mL. The error bars we
report for turbidimetric measurements reflect standard deviations derived using three independent replicates.

proﬁles.(’g’70 Then, using a sigmoidal fit, we estimated ECj, commercial reader. Despite this, the device can detect the PCP
values”' (i.e, PCP concentration that causes 50% bio- in its relevant range, demonstrating again its versatility and
luminescence inhibition), which correspond to 9 + 2 and 16 ability to support sensing assays based on bioluminescent.”
+ 5 mg/L using ISO 1000/10 s and ISO 1600/15 s, Drug Screening Test. Finally, we demonstrate the use of
respectively. These data are slightly higher than those obtained our portable reader to perform a conventional growth
from the commercial reader (4.0 + 0.3 mg/L) (Figure SC, inhibition assay. Generally, agar or broth dilution methods
right). We believe this difference is due to two factors: the are used to determine the minimal inhibitory concentration
faster shaking intensity of the commercial reader that promotes (MIC) of antimicrobial substances”® (Figure 6A, left). This
aeration and thus bioluminescence and the lower sensitivity of value describes the lowest concentration of the antimicrobial
the smartphone camera compared to the optical sensor of the agent able to inhibit the growth of a bacterial population.
1281 https://doi.org/10.1021/acs.analchem.1c04491
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Therefore, through its estimation, it is possible to characterize
the activity of antimicrobial drugs against different bacteria,
providing important information for clinicians, for example,
during the selection of the pharmacological treatment.”* Broth
dilution assay is performed in test tubes, and it requires only a
naked-eye reading of the visible inhibition growth.”” During
the last few decades, its miniaturization and mechanization
through the use of small and disposable microdilution trays
have made this method practical and very popular.”® Using this
setup, for example, the bacterial growth over time is estimated
through the measurement of the turbidity, which corresponds
to the absorbance value of the liquid microbial culture
collected at 600 nm. So, the higher the bacterial concentration
in the solution, the greater will be the scattering of light from
the solution, inducing a higher absorbance value.

Having this in mind, we adapted our portable platform to
support the turbidity measurements. Of note, it is extremely
difficult to determine and quantify changes in turbidity with a
conventional smartphone camera due to the lack of contrast
between different images under the same illumination
conditions.”””® To overcome this, we placed a dark spot
below the ELISA wells to introduce a contrast between the
growth media and the media containing a high concentration
of bacteria (Figure S15). Specifically, we used as a template the
dimensions of a 96-well plate to print a transparent PET sheet
with a pattern of black wax circles (radius of 0.108 cm)
centered at each well. The area of black circles is smaller than
the area of the well, so this ensures the passage of light through
the wells from the excitation source. Next, we placed the wax
printed sheet on the bottom of the 96-well plate (stuck on the
metallic plate, see Figure S15), and we tested how the presence
of bacteria and its growth can affect the black color of the
circular background.

Specifically, we tested solutions containing different
concentrations of bacteria, and we acquired the image using
the smartphone (Figure S16). To improve the analysis of the
picture, we converted it to the white/black scale using Image],
and we sampled only the area of the black circles. We found
that the black circle (not in contact with the solution) becomes
whiter due to the presence of bacterial cells, which induces the
scattering of the light (Figure 6A, right). Accordingly, in the
presence of a higher concentration of bacteria, we observe a
whiter wax circle in the smartphone images (Figure S16).
Therefore, this new method allows to quantify and differentiate
samples containing low concentrations of bacteria (darker spot,
light not reflected) and high concentrations of bacteria (whiter
spot, light reflected by the presence of particles [bacteria cells]
within the media), boosting the sensitivity of the detection of
bacterial growth within the portable platform (Figures 6 and
S17). Finally, as demonstrated for the previous systems, to
increase the sensitivity during the detection of bacterial
growth, we optimized this system by exploring the smartphone
camera settings (Figure S16). The best results are obtained
using a single sheet of wax-patterned PET, the maximum ISO
value (3200), and 1/8 s of integration time with the
smartphone camera, providing a relative change of 42%
between the media without bacteria (MB) and the media
with bacteria (=~ 10° CFU/mL).

Next, we envisaged a direct application for these turbidity
measurements. Since antibiotic resistance has become one of
the major problems the healthcare system is facing nowa-
days,”” the use of a portable platform to detect bacterial
resistance to antibiotics provides a powerful functionality as a

1282

screening device. In this regard, we tested four different strains
of bacteria (A. fischeri, E. coli ATCC11303, E. coli ATCC25922,
and Salmonella) with different concentrations of four anti-
biotics (kanamycin, ampicillin, penicillin, and amoxicillin).
After 20 h of growth (at 25 °C for A. fischeri and at 37 °C for E.
coli), we evaluated the turbidity of the media [marine broth
(MB) for A. fischeri and tryptic soy broth (TSB) for E. coli],
estimating the optical density (OD) at 600 nm using the
commercial reader (Figures S17 and S18). Through this first
screening test, we selected only the couples of bacteria and
antibiotics that display an inhibiting effect to repeat the
measurements using our portable platform (Figure 6C). The
results demonstrate the ability of our device to perform an
inhibition test, and we find a correlation between the two
methods, observing a slightly higher sensitivity for the
commercial reader.

B CONCLUSIONS

Here, we showed that by purchasing and assembling
commercially available, low-cost hardware components, and
using open-source software with a smartphone, it is possible to
create a portable plate reader that supports optical-based
analysis with analytical performance like those found in bulky,
expensive commercial readers (Table S2). Specifically, we
demonstrated how the portable plate reader can successfully
measure fluorescent, colorimetric, bioluminescent, and turbid-
ity signals. Subsequently, we employed it to carry out gold
standard analytical assays such as an ELISA for the detection of
a SARS-CoV-2 N-protein, a toxicity test measuring the effect of
a pesticide on bioluminescent bacteria, and a drug-screening
test checking the antimicrobial activity of four different
antibiotics. Taking full advantage of the smartphone
capabilities, in addition to employing it to control the device
and measure the signal, we have also used it to perform
multistep assays that may be easy to follow also by
nonspecialized personnel. Despite the advances achieved in
terms of functionality, versatility, ease of use, and portability,
we believe this platform could be improved further. More
specifically, sensitivity, accurate image acquisition, and data
processing remain the main challenges. These can be easily
improved by exploiting the modularity of the platform through
the use of more expensive and better components (ie.,
hardware and software), which will allow improving the
performance but sacrifice the overall cost.

Although there are commercially available 96-well portable
readers in the market, their cost is generally higher than 3000€
and they are designed to carry out single detection methods.*
We believe that while they may represent a valid tool for
average-funded groups that want to perform colorimetric
measurements in a space-limited laboratory, they fail to
provide a versatile and low-cost platform. More specifically,
the portable reader we present in our manuscript is not only
considerably cheaper but can also carry out fluorescence,
luminescence, and turbidity measurements. Furthermore, since
it is built by the user itself, it can also be easily repaired/
customized using low-cost materials, whereas commercial
portable readers must be sent to the factory, implying the
impossibility to carry out measurements for several weeks, and,
in the case the warranty is expired, it would also imply shipping
and repairing costs. We hope that this work will lead the way to
the adaptation of laboratory-based methods for their use at the
point of care, giving healthcare workers new and effective tools
to control dangerous situations and to provide the best
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possible care independently of the resources available in each
region of the world.
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