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ARTICLE INFO ABSTRACT

Keywords: The exponential growth of small, on-hand devices/sensors has been aligned with the increasing use of smart-

HPAD phones as detectors. However, smartphone detection may result in high variability of signal acquisition, due to

Smartphone detection differences in lighting conditions, consequently compromising accurate and reliable quantification. The use of

32:2;:;?;;;1:;2?;::? smartphones for qualitative assessment (“yes/no” response) has been widely employed; however, their use in
quantitative assessment has been less reported. For point of care (POC) analysis, the use of smartphones as
detectors can be an exceptional advantage; however, it is crucial to ensure that the accuracy of the analysis is not
compromised. A critical and structured evaluation of image acquisition systems was performed to evaluate the
impact on POC biomarkers quantification with microfluidic paper-based devices (UPADs). Different image
acquisition systems were tested for a pPAD to properly evaluate the impact of lighting conditions when using a
smartphone in a specially designed box. The decrease in intensity counts was about 30% from the scanner to the
smartphone, but it did not affect the calculated absorbance. We proved that smartphones can be used as reliable
detection systems, providing accurate and precise quantification when appropriate attention is given to exterior
lighting conditions. When quantifying iodide and nitrite in a sample, a relative error of 5% was observed for both
image-acquiring systems, a scanner and a smartphone.

1. Introduction

In recent years, people have become more self-aware of the impact
on health conditions of potential problems arising from the environment
and foodstuffs. Consequently, the demand for quick and efficient plat-
forms to attain fast and accurate information about contamination,
disease indicators and food composition has increased [1,2]. In this
context, there is a growing interest in innovative analytical tools to
perform point-of-care (POC) analysis, being user-friendly, rapid,
portable and affordable techniques. The idea is that these POC analytical
tools do not require trained personnel or expensive equipment, allowing
them to obtain a response outside of specialized facilities [3]. Micro-
fluidic paper-based analytical devices (UPADs) play a key role in POC
testing as they comply with all the listed characteristics. Paper testing
was first reported back in the 1800s, with litmus paper for alkalinity
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assessment, before the universal indicator for pH determination and has
evolved significantly, being extensively used for analytical tests
throughout the years [4]. With the advances in imaging tools, the pos-
sibility of attaining accurate measurements with paper devices has
become a reality. Consequently, pPADs have proven to be useful
analytical platforms and an alternative to the conventional microfluidic
approaches, due to their high precision and low volumes required [5-7].
In fact, pPADs have been developed targeting important parameters in
healthcare, environmental safety, and food quality that can affect the
populations’ well-being; they can be used in field applications, including
in developing countries, where access to conventional procedures is
limited [8,9]. The use of paper as a base material for colourimetric
determination has important advantages, namely its white colour,
availability, functionality, and easy disposal [10]. This way, developing
HPADs follows the ASSURED guidelines established by the World Health
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Organization involving diagnosis devices, being affordable, sensitive,
specific, user-friendly, rapid, robust, equipment-free and deliverable to
end-users [11].

There are many fabrication techniques for microfluidic paper de-
vices, such as photolithography, plasma treating, wax printing, plotting,
wax dipping, inkjet printing, flexographic printing, laser treatment,
stamping and, for three-dimensional (3D), there are also folding and
stacking techniques [12]. The 3D structure, attained by folding or
stacking paper layers, enables higher efficiency and flexibility in the
determination because of enhanced vertical flow within the device [13].
Several detection technologies can be employed for signal acquisition in
these devices, such as electrochemistry, electrochemiluminescence,
colourimetry, fluorescence and chemiluminescence [14]. Consequently,
different detectors can be used, namely, potentiometers, digital cameras,
scanners, microscopes, optical fibers spectrometers, and, as a recent
trend, smartphones have been gaining popularity [7,15]. The colouri-
metric determinations have been the privileged choice of detection in
PPADs development, as they enable obtaining both semi-quantitative
and quantitative results [16]. The detection of the colour product can
be attained by image capturing, which makes smartphones an appealing
choice. However, the lighting conditions, the distance to the device and
the angle at which the image is captured can affect the signal, contrib-
uting to increased variability of results [17]. Recently, efforts have been
made to manage these types of variations for detection systems, as re-
ported by Phansi et al. [18], by using customized devices for acquiring
images and increasing the repeatability of the methods. The simplicity
and cost-effective solution represented using smartphones as detectors
requires particular attention to lighting and image processing [19,20].
Nevertheless, diagnosis through smartphone detection is becoming
easier and much more efficient, especially in a scenario where there are
limited resources, being easy to operate, portable and providing real-
time analysis [21,22]. Several applications using smartphone detec-
tion have been reported from biological analysis, quantification of
bacteria, enzymes, pathogens, and many other factors and were sum-
marized in Table 1.

Most of the reported works, using smartphones, account for the po-
tential effect of external lighting in the acquisition of the image [25-31],
and most of those even mentioned the need for a specially designed
adaptor to minimize that impact [26-29,31]. However, different
methods and different determinations make it unclear to assess the real
impact on the quantification process.

At the Automation and Miniaturization laboratory of the Centre of
Biotechnology and Fine Chemistry (CBQF) of Catholic University of
Porto, we have developed an innovative pPAD assembly using just filter
paper and laminating plastic pouches. This represents an environmen-
tally friendly approach as there is no need for wax/inkjet/flexographic
printing or wax dipping. The pPADs assembled with this technique are
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based upon a vertical flow approach and can employ the stacking of
several filter paper discs, from two to four layers [33,34]. Based on the
vertical flow approach, this assembly process enhances the device’s
versatility by manipulating the number of staked paper discs (and their
composition), which can be adjusted for each determination. The
developed devices were always based on colourimetric reactions, tar-
geting mainly health indicators [33-35] but also parameters for food
quality assessment [36,37]. The detection employed has always been the
digital scanner for image acquisition, as it can provide crucial advan-
tages regarding image acquisition, providing a uniform and reproduc-
ible imaging of the yPAD [38], which images were treated with free
image software (Image J). Nevertheless, as the described devices were
only applied using a scanner, there is no evidence that the reported
advantages would be lost if another type of detection were used, namely,
another form of image acquisition. There are a couple of works by
Vaishampayan et al. [39] and Chen et al. [40], that uses smartphone
image acquisition combined with a specially designed box. However, in
the work of Vaishampayan et al. [39], the aim was to develop the box
itself, with no comparison to other acquisition systems, such as scanners
or commercial boxes. In the work by Chen et al. [40], not only no other
acquisition systems were tested, but also the designed box was to be used
with microfluidic chip.

So, in this work, we aimed to evaluate the impact on the acquired
signal of using different image acquisition systems, namely a scanner, a
webcam, and a smartphone. The broad use of these different acquisition
systems fully justifies a structured, comprehensive comparison. For an
accurate comparison, previously designed and validated microfluidic
devices [37,41] were used with different acquisition systems. In this
scenario, images were collected with the different systems and the
variability of the intensities was compared. Additionally, several light-
ing conditions were also tested for the webcam and smartphone image-
acquiring system. To attain this, a couple of specially designed boxes
with a set of LED lights to control the intensity of the lights were con-
structed to compare to the other image acquisition systems. The in-
tensity counts of all acquired images were obtained with the free
software Image J and using RGB (red, green, and blue) filter.

2. Materials & methods
2.1. Reagents and solutions

All solutions used in this work were prepared with analytical grade
chemicals and Milli-Q water, with resistivity >18.2 MQ/cm (Millipore,
USA). The following reagent solutions were prepared according to the
description in previously reported works for iodide [37] and for nitrite
determination [41].

The 5 M hydrogen peroxide stock solution was prepared by dilution

Table 1
Summary of some previously reported works based on smartphone image acquisition used as detection system in analytical determinations.
Method Objective Advantages Limitations Reference
. Det inati f i . . . . . P .
Paper-based device ine diﬁ;;na fon of vancomyein Low cost and simple implementation Slightly higher limit of detection [23]
. Latent tuberculosis infection Faster than the traditional method, portable, . .

Screening system . Internet connectivity required [24]
screening and accurate

Chip scale microscope Low cost, no light source required Affected by external light changes [25]

. . Adapt ded, high ifications i
Cytometry platform Blood analysis Cost-effective, compact, and accurate . aptor nee. ed, high specitications In [26]
image selection
. Pathogenic bacteria . ;

Fluorescence microscope . . Compact, cost-effective Adaptor needed [27]
identification

Microscope Quantification of parasites Automated, low false-negative rate Adaptor needed [28]

. uantitative fluorescence . . . Adaptor and specific excitation source

Paper-based device Q v Inexpensive, sensitive point-of-care assay p P X [29]
assays needed

Paper-based device Glucose sensor Sensitive, low interference External lighting not controlled [30]

Paper-based device Salmonella quantification Low-cost, portable, easy-to-use Adaptor needed [31]

Real-time loop-mediated isothermal

P . .
amplification athogen diagnosis

Faster, no false-positive

Heating necessary [32]
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of the commercial solution (d = 1.11, 30 %, Merck). The working
peroxide solution was daily prepared by dilution of 10 pL of 5 M
hydrogen peroxide stock solution 240 pL of acetic acid 0.8 M. The
3,3,5,5-tetramethylbenzidine (TMB) solution was prepared by dissolv-
ing 24 mg of TMB (Sigma-Aldrich) in 50 mL of ethanol (96 %, Labchem)
and then adding 50 mL of water, resulting in a 1 mM concentration, was
stored in a dark bottle and refrigerated. A 0.1 M iodide stock solution
(Hanna HI4011-01) was used to prepare two intermediate iodide stan-
dard solutions of 5 mM and 0.250 mM. The 0.8 M acetic acid solution
was prepared by diluting 4.6 mL of acetic acid (d = 1.05, 100 % glacial,
Merck) in 100 mL of water. Then, the pH was adjusted to 3.6 with NaOH
2.5 M, as previously reported [37].

An iodide pharmaceutical tablet (Yodafar 300) containing 300 pg of
iodide, according to supplier information, was used as a certified sam-
ple. One tablet was weighed (183.8 mg) and crushed in a mortar. Then,
174.4 mg of the crushed tablet was dissolved in 25 mL of water, resulting
in an iodide reference solution of 287 pg/L (0.0906 mM).

The Griess reagent was prepared by dissolving approximately 0.4 g of
sulfanilamide (Sigma Aldrich) in 2 mL of 5 M orthophosphoric acid and
0.04 g of N-(1-naphthyl)ethylenediamine dihydrochloride (N1NED)
(Merck) in water. These two solutions were mixed to a final volume of
20 mL. A 13 mM sodium nitrite (Merck) stock solution was prepared by
dissolving approximately 20 mg of the previously dried (overnight at
100 °C) solid in 25 mL of water. A dilution to 2.5 mM was used as an
intermediate stock solution to prepare the working standards of nitrite
in the range of 5-20 pM, as reported [41].

2.2. Assembly of the microfluidic paper-based devices (uPADs)

The pPADs assembled for this study were prepared with the previ-
ously described technique developed in our laboratory, consisting of
filter paper discs (hydrophilic zone) aligned within a laminating plastic

A

SAMPLE INSERTION AREA

A 2
Top Layer

First layer <2 <2 %;OOOOCDOOO
S h e i T e =

Second layer

Bottom Layer
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pouch (hydrophobic zone). The devices are established with 24 reading
units in 4 lines and 6 columns arrangement, enabling loading one blank
and 5 standards/samples with four replicas each or one blank and 3
standards/samples with six replicas each.

The idea of having several replicas (either 4 or 6) intends to provide
accurate and precise results, meaning that image acquisition must not
have intrinsic variability. Each reading unit, the hydrophilic detection
area, was composed of two stacked paper discs, where the reaction
occurred. The filter paper discs were obtained by cutting Whatman filter
paper with 9.5 mm diameter discs using a paper puncher (3/8” EK
tools). The reading units were separated by the hydrophobic area
established using a plastic laminating pouch (75 x 110 x 0.125 mm, Q-
Connect). The top sheet of the laminating pouch was perforated with
twenty-four 3 mm holes, in the mentioned arrangement of 6 columns x
4 lines, for standard/sample insertion (“Top Layer” in Fig. 1A). The
lamination process, performed after the alignment of the stacked paper
discs with the sample holes of the plastic laminating pouches (Fig. 1A), is
made using a hot laminator (A3-330C High Quality Laminator) to seal
the plastic pouch top and bottom layers. The lamination sets the
arrangement of 6 columns (C1 to C6 in Fig. 1B) and 4 lines (L1 to L4 in
Fig. 1B) of the twenty-four individual reading units (Fig. 1B).

The reading of the device, image acquisition, was made on the bot-
tom layer side (second layer in Fig. 1A) since it corresponds to the colour
reagent layer.

The image acquisition of the pPAD was made at different operational
moments: i) after preparing the pPAD but before loading the standard or
sample, representing a blank (empty) device (Fig. 1B); ii) after loading a
single standard in all reading units (ESI Fig. 1); iii) after loading different
standards (and/or samples) in different columns (Fig. 1C and D).

2.2.1. Device for iodide determination
The paper sensor for the determination of iodide was previously

C1 C2 C3 C4 C5 Cé

L1

L2

L3

L4

H0

10

20

UM NGOy

Fig. 1. Microfluidic paper device (pPPAD); (A) schematic representation of the alignment; (B) image scan of the device before loading any solution, where L; rep-
resents the lines and C; the columns of the pPAD; (C) image scan of the iodide determination device after loading the standard solutions, corresponding to a cali-
bration curve; (D) image scan of the nitrite determination device after loading the standard solutions, corresponding to a calibration curve.
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developed and validated, by Pereira et al. [37] for the quantification of
iodide in dietary supplements. The first layer of discs consisted of
Whatman Grade 4 (W4) filter paper loaded with 10 pL of the hydrogen
peroxide working solution and set to dry in the oven, at 50 °C for 10 min
(first layer in Fig. 1A). The second layer of discs, corresponding to the
colour reagent layer, consisted of Whatman Grade 1 (W1) filter paper,
loaded with 10 pL of TMB solution and left to air dry at room temper-
ature for 20 min (second layer in Fig. 1A).

2.2.2. Device for nitrite determination

The pPAD employed for nitrite determination had been previously
developed and validated by Ferreira et al. [41] for the quantification of
nitrite in saliva samples. The first layer consisted of empty discs of
Whatman Grade 1 (W1) filter paper (first layer in Fig. 1A). The second
layer of discs, corresponding to the colour reagent layer, consisted of
Whatman Grade 50 (W50) filter paper, loaded with 10 pL of Griess re-
agent and set to dry in the oven, at 50 °C for 10 min (second layer in
Fig. 1A).

2.3. Image acquisition systems

2.3.1. Digital scanner and photo boxes

As mentioned above, the aim of the developed work was the com-
parison of the acquisition systems methods, namely, to evaluate the
effective use of smartphones for in situ, point-of-care detection method
for paper-based analysis. It was performed using a couple of pPADs
previously reported, one for iodide determination [37] and one for ni-
trite determination [41] in which the image acquisition was the Epson
Stylus X100 scanner (Fig. 2A). A commercially available box, indicated
for photo purposes, the Lightbox Studio XL, Green Stuff World (Fig. 2B)
was also used for comparison purposes. This box is partially open, and
the image acquisition with the smartphone was taken from the top,
where there is a hole for that purpose. As this box is commercially
available with specific instructions to be used with a smartphone, it was
not used with the webcam.

A couple of boxes were designed with the exact dimensions of the
developed pPAD with a hole on top (2.7 cm), for adjusting the webcam/
smartphone, and a removable bottom to place the pPAD card (Fig. 2C).
The first designed box, a white box, was obtained by resin 3D printing
using white resin; the second box, a black box, was an improved version
of the white box, as it was painted black on the outside, to minimize
interferences from exterior light. Inside, both boxes were white, main-
taining a similarity with the commercially available Lightbox Studio XL
and the Epson Stylus X100 scanner (also both white inside).

2.3.1.1. LED circuit used in the designed boxes. The designed boxes had
two LED strings which were placed on the top part inside the box to
guarantee the same lighting conditions inside the box for each of the
acquisitions (Fig. 3 A and B). The idea of using LED strips was based on
the efficient lighting from the commercially available Lightbox Studio

31cm

—
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XL, which also used lateral LED strips.

Various devices were tested to regulate the intensity of LEDs,
whether voltage or intensity regulators. Finally, the voltage regulator
was selected, the electronic diagram of which is represented in Fig. 3C,
and which is based on the LM317 surface-mount chip. The design of the
schematic circuit and the board was carried out using the Eagle pro-
gram. Both schemes are represented in Fig. 3, along with a photograph
of the final device (Fig. 3 D and E).

2.3.2. Image capturing — smartphone and webcam

The images were captured using a smartphone camera (iPhone 13)
and a webcam (Microsoft Lifecam Cinema for Business) and were
compared to the images obtained with the scanner. The settings for the
iPhone 13 camera were: autofocusing feature, 12 MP wide-angle sensor,
aperture: f/1.6, focal length: 26 mm equivalent, automatic shutter speed
range: 1/8000-1 s, and pixel size: 1.7 pm. For the webcam, the settings
were: CMOS sensor, up to 5 MP interpolated still image resolution at
640 x 480, wide-angle lens with 73° field of view, autofocus and digital
zoom when using the YouCam 365 software.

2.4. Image processing

The acquired images of the pPAD were obtained using different
acquisition methods (Microsoft Corporation Scanner software, Cyber-
link YouCam, AMCap, etc.) and analysed by the free image processing
software, ImagelJ. The intensity measurements were obtained for each
paper disc unit, using RGB (Red, Green, Blue) filters. The selected filters
were the red filter for the iodide determination, corresponding to the
complementary colour of the resulting light blue coloured product, and
green filter for the nitrite determination, corresponding to the comple-
mentary colour of the resulting pink coloured product (ESI Fig. 2). The
comparison between acquisition methods was made by comparing the
average of the intensities of the reading units in each column and line in
the device (Fig. 1B).

2.4.1. Data analysis

For two of the image acquisition methods, namely the scanner and
the smartphone with the designed black box, an ANOVA was performed,
aiming at detecting differences in the intensity between lines and col-
umns of the pPAD. Duncan’s test was subsequently used for means
comparison between different groups of intensities. Normality and ho-
moscedasticity of data were assessed by using Kolmogorov-Smirnov and
Levene’s tests, respectively. The significance level was assumed to be 1%
in all cases.

3. Results and discussion
3.1. Scanner vs smartphone photo

For the first study, the use of a scanner to capture the pPAD image for

9.5¢cm

9cm

30 cm

Fig. 2. Different acquisition methods: (A) Epson Scanner; (B) Lightbox Studio XL for smartphone photo; (C) specially designed box for smartphone and webcam use.
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Fig. 3. (A) A schematic representation of the LED placement in the stereolithographic printed box; (B) Eagle-designed schematic electronic circuit for the LED strips
to be connected to the power source; (C) Schematic diagram of the voltage-regulated power supply; (D) Top and (E) Bottom photography of the power supply device.

processing in the ImageJ software was set as a reference acquisition
system. Then, the alternative methods to be tested for image acquisition
were compared to the scanner-acquired images. This study used a
freshly prepared, but empty pPAD (Fig. 1B), so the same intensity counts
were expected for all #24 reading units, independently of the column/
line arrangement. The comparison was between the scanner, the
Lightbox Studio XL used with a smartphone and the designed white box
used with both the webcam and smartphone (Fig. 4).

The most notable difference is that the image acquired with the
scanner resulted in higher intensity values than the smartphone (in both
boxes) and the webcam, where a decrease of about 30% in intensity
counts was observed. However, the absolute intensity is not a problem
itself as the accurate quantification is attained by a logarithmic calcu-
lation of intensities into pseudo-absorbance. When comparing the in-
tensity averages from lines and columns, it was possible to observe
higher variability with both boxes (Lightbox Studio XL and the white
box) than with the scanner. A potential explanation for the variability
could be that external lighting conditions had interfered with the image
reading, as, with the scanner, the lighting conditions are not susceptible

Intensity

250.0 4

to external variation.

Additionally, although both boxes had LED lights incorporated, they
were different as the Lightbox Studio had one side open and the designed
white box was fully closed (Fig. 2 B and C) so it was expected to have less
external lighting impact than the Lightbox Studio.

However, that was not the case, and despite being fully closed, the
designed white box proved to have a higher variability (especially when
used with the smartphone) and wider variation compared to the average
intensity calculated (Fig. 4 horizontal orange line). This could be
explained by the presence of the internal LED lighting of the Lightbox
Studio together with the opacity of the material which helped to mini-
mize the influence of the external lighting (grey bars compared to the
horizontal grey line in Fig. 4). Even though the commercially available
Lightbox Studio presented an acceptable variation, its overall size and
the fact that is open on one side, impaired its effective field application.

3.2. Evaluation of external light impact

The source of the variability in the intensity values obtained with the

200.0

150.0

100.0
50.0 -
0.0
L1 L2

I IT I‘X
‘z‘lz | || ! || _ _
13 L4 c @) c3

11
1]

Fig. 4. Comparison of average intensity values of the pPAD lines and columns of reading units for different image acquisition methods; the horizontal lines represent
the overall intensity value average for the entire device measure for each method; the error bars represent the standard deviation.
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designed white box was important to assess. So, different lighting con-
ditions were tested (ESI Fig. 3), and the average intensity values of the
WPAD reading units arranged in lines and columns were compared.
Images were acquired with LED lighting inside the white box and no
other external lights (ESI Fig. 3A), with a ceiling halogen lamp on top of
the box (ESI Fig. 3B) and with a desk lamp directed at the white box (ESI
Fig. 3C). For this study, two acquisition systems were used, smartphone
and webcam placed at the top hole of the designed box, to evaluate if the
obtained intensity counts variability was due to the difference in exte-
rior lighting conditions or the image acquisition device (Fig. 5).
Considering the differences in the exposure conditions of the webcam
and smartphone, both were used in this external lighting study. The
external lighting was kept the same for both systems.

Using the smartphone, all different lighting conditions presented
high variability of intensity values, in particular the directed light to the
box (Fig. 5A, grey bars). This direct light into the box also resulted in
high intensity count values, with the average intensity of the complete
device higher (grey line in Fig. 5A).

The top light and LED light intensity counts values resulted in similar
intensity values and average but a lower intensity average than the
direct lamp light (orange and blue horizontal lines in Fig. 5A).
Furthermore, the variability of the calculated intensities also increased
(standard deviation error bars in Fig. 5A). A potential explanation could
be the fact that the box was white and consequently transparent
enabling the exterior light to go through but not evenly distributed to
the pPAD.

The results obtained with this study enable us to conclude that using
different external lighting has a direct impact on the intensity counts
variability and, consequently, on the acquired signal.

The results using the webcam (Fig. 5B) support the previous
conclusion but with less pronounced differences. In fact, when using the
webcam, the intensities count obtained with the LED lighting were
lower (blue bars in Fig. 5B) than the intensities counts obtained with top
ceiling light and direct lamp (orange and grey horizontal lines in

A
Intensity
200.0
180.0
160.0
140.0
1200
100.0
80.0
60.0
400
200
00
u 2 13 4 a Q c ca cs
B
Intensity
1800
160.0 & 1 N —
1400 L
1200
100.0
800
60.0
400
200
00
u 2 3 14 a Q a o s
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Fig. 5B).

Based count results observed, improvements were made to the box,
aiming to solve the external light impact. As the highest impact had been
observed when using the smartphone, the next studies only involved a
smartphone as an image acquisition device. The aim was to make sure
the smartphone could provide an easier and more feasible reading de-
vice for quantification.

3.3. Reducing exterior lighting interference

To minimize the impact of exterior lighting conditions, an
improvement was performed on the designed box, maintaining the same
dimensions but painting it black on the outside (Fig. 2C), which was
named the black box.

With this new, improved box, no image could be captured without
the LED inside the box, assuring that no light was passing through the
black box. So, a different study was conducted, using the LED light strips
inside the box (on the top sides of the box, as shown in Fig. 3A).

For this study, two devices were assembled as described in section
2.2, one was loaded with deionized water (simulating a blank signal,
Fig. 1B), and one was loaded with a 100 pM iodide standard solution
(ESI Fig. 1). Both devices were given the 25-min reaction time, as pre-
viously reported [37] before making the image acquisition for intensity
readings. As each pPAD was entirely loaded with the same solution, the
same intensity counts were expected for all #24 reading units, inde-
pendently of the column line arrangement (ESI Fig. 4).

Image acquisition was made using the scanner and the smartphone,
with the black box equipped with LED lights (ESI Fig. 4). As expected,
the average intensity with the iodide standard was lower than the
average intensity for the blank, and it was the same for both acquisition
systems (Table 2).

For the pPAD loaded with the iodide standard, both the scanner and
black box with smartphone showed no significant differences from the
average values for each column and line of the complete device (dark

® Smartphone LED

® Smartphone top light ® Smartphone directed light

R

/e
AN

B Webcam LED ® Webcam top light

® Webcam directed light
- w %
'
% % e

e

¢

Fig. 5. Different acquisition methods and comparison of readings with the designed white box; (A) comparison of mean intensity values of each line and column of
the pPAD for the different lighting conditions, using a smartphone; (B) comparison of mean intensity values of each line and column of the pPAD for the different
lighting conditions, using a webcam,; the error bars represent the standard deviation.
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Table 2

Comparison of the average intensity values obtained with the scanner (Iscanner)
and the black box with smartphone (Ismartphone) image acquisition; SD, standard
deviation.

Loaded Solution WPAD card Iscanner == SD Limartphone & SD
Lines Li-Ly (#4) 193 +1 155 + 2
100 pM iodide solution Columns C;-Cg (#6) 193 +£2 155+ 3
Entire card 193 +1 155 + 2
Lines L;-L4 (#4) 206 +£1 166 + 1
Milli-Q water Columns C;-Cg (#6) 206 + 3 166 +7
Entire card 206 + 2 166 + 5

and light blue bars in ESI Fig. 4). For the blank pPAD, some variations in
the average intensity between device columns were observed with both
image acquisition systems (dark and light green bars in ESI Fig. 4).
Nevertheless, this proved that there were no differences between the two
image acquisition systems (Table 2) and the improved black box effec-
tively solved the external light impact.

To further validate this conclusion, a statistical analysis was per-
formed between columns and between the lines for both acquisition
systems (scanner and smartphone). No significant differences were
found between lines of the pPAD, so no further analysis was detailed.
Targeting the intensities of the columns, different observations were
made (ESI Fig. 5).

For the device loaded with the 100 pM iodide standard, no differ-
ences were found between columns with both the scanner and smart-
phone (ESI Fig. 5). However, for the device loaded with deionized water,
differences were found in both acquisitions. With the smartphone im-
ages, the mean intensity increased along the columns (C1 to C6 in
Fig. 1B), in which the means from C1 are different from C2 and C3 and
different from C4, C5 and C6, dividing themselves into three different
groups (ESI Fig. 5). In this way, it was possible to conclude that these
results are statistically different (p = 0.003). As for the scanner, it was
possible to observe that the columns C1, C2 and C3 were different from
C6 (ESI Fig. 5), so it was possible to conclude that they were statistically
different (p < 0.001). Nevertheless, given that in both acquisitions for
the blank pPAD there were significant differences, there is no evidence
to suggest that the smartphone acquisition is better or worse than the
scanner, a conclusion that also corresponds to the device where the
standard solution was inserted.

3.4. Absorbance measurements

For quantification purposes, the intensity values were converted into
pseudo-absorbance, using the formula A = log (Ip/I), where A is the
calculated absorbance value, I is the intensity values obtained from
loading with the standard/sample, and Iy is the average of intensity
values obtained from loading with waters (intensity of the blank). In this
study, the absorbance of the #24 reading units of the pPAD loaded with
iodide standard (ESI Fig. 1) was calculated using the average of the in-
tensities of the pPAD loaded deionized water (Fig. 1B), as the average of
the blank signal. Then, the average of the reading units of the columns
and lines arrangement and the average of the entire device were
calculated, and a comparison was made between both acquisition sys-
tems (Table 3).

The absorbance values calculated with the intensities obtained from

Table 3

Comparison of calculated absorbance from the intensity values obtained with
the scanner (Ascanner) and black box with smartphone (Asmartphone) image
acquisition; SD, standard deviation; RE, relative error.

WPAD card Ascanner & SD Asmartphone = SD RE
Lines Li-L4 (#4) 0.028 + 0.002 0.029 + 0.005 5%
Columns C;-Cg (#6) 0.028 + 0.003 0.029 + 0.006 4%
Entire pPAD card 0.028 + 0.003 0.029 + 0.006 4%
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the scanner image (Ascanner) Were compared to the corresponding
absorbance values calculated with the intensities obtained from the
black box/smartphone image (Asmartphone) Dy the relative error (RE)
calculation: %RE = ((Asmartphone — Ascanner)/ Ascanner) X 100. The calcu-
lated absorbances were numerically identical within each image
acquisition system and very similar between both systems, with a rela-
tive error < 5%.

3.4.1. Analyte quantification — Iodide and nitrite determination

To evaluate the impact of the smartphone acquisition image in an
analytical procedure for quantification, the two devices were compared,
employing different coloured reactions and consequently using different
RGB filters (ESI Fig. 6). As mentioned, these devices have been previ-
ously developed and validated for the determination of iodide [37] and
nitrite [41]. As such, an iodide calibration curve and a nitrite calibration
curve were established, comparing the smartphone image with the one
from the scanner. Two pPADs were prepared, one loading #5 iodide
standard solutions (with #4 replicas each), ranging from 10 to 100 pM
(Fig. 1C), and another loading #3 nitrite standard solutions (with #6
replicas each), ranging from 5 to 20 pM (Fig. 1D), establishing calibra-
tion curves in both (ESI Fig. 6). These calibration curves enabled the
determination of iodide and nitrite concentration to be determined by
interpolation of the absorbance value of the tested samples. For the
sample analysis, additional pPADs were prepared, one loading the
pharmaceutical tablet solution, as an iodide sample, and another
loading a river water sample for nitrite determination (Table 4).

Both acquisition systems were used as detection systems for the
prepared pPADs, and the results were summarized (Table 4). The con-
centration values of each analyte in each tested sample were obtained
based on the calculated absorbance ([Analyte]reported value) by the rela-
tive error (RE) calculation: %RE = (([Analytel,pap obtained value) —
([Analyte]reported value))/ [Analyte]reported value X 100.

The established calibration curves (ESI Fig. 7) showed no significant
differences between both acquisition methods (relative error between
the slopes <9%). The iodide concentration value obtained for the
pharmaceutical tablet sample with the different image acquisition sys-
tems was not significantly different from the reference value (relative
errors <5%).

In fact, the iodide concentration obtained from the calibration curve
(ESI Fig. 7 A) obtained with the scanner was almost the same as the one
obtained from the smartphone with the black box (relative error < 1%).
The relative error between the average iodide sample concentration of
the replicas (#4) in lines and columns was 2% for the scanner and 1% for
the smartphone with the black box, respectively.

Table 4

Comparison of the calibration curve values obtained from the scanner and black
box with smartphone image acquisition; SD, standard deviation; RE, relative
€error.

Analyte  Acquisition Equation of [Analyte] Reported RE
system the {PAD obtained value
calibration value = SD
curve (mM)
A = slope x
[Analyte]
(mM) +
intercept
A =0.925 x 0.0945 +
Todide Scanner (1] - 0.011 0.002 1= %
Smartphone A=1.01 x 0.0969 + 0.0906 mM 5%
(black box) [I"]-0.005 0.005
A =1.58 x
Scanner [NO>] - ggg;o + [NO3] = 3%
Nitrite 0.0007 0.179 mg/L
Smartphone A= ,1'53 * 0.0040 + (0.00389
Glackbox) ~ vozl- 0.003 mbd) 3%
0.0002




M.G. Pereira et al.

The nitrite calibration curve (ESI Fig. 7B) also proved to be similar in
both acquisition systems, as the slope obtained presented a relative error
of —3% when comparing the scanner with the smartphone image. As for
the sample validation, it also became possible to state that no differences
were found between both image acquisition methods, since the nitrite
levels found in the sample were the same for both the scanner and the
smartphone.

4. Conclusions

In this work, different image acquisition systems, namely scanner
and smartphone, were compared in a structured method using previ-
ously developed microfluidic paper-based analytical devices (1PADs) for
iodide and nitrite determination [37,41]. These yPADs were assembled
with the technique developed in our laboratory, consisting of using filter
paper discs aligned (hydrophilic zone) in a plastic laminating pouch
(hydrophobic zone) and based on the vertical flow approach. In our
previously reported methods [33,35-37] the image acquisition was
made using a scanner to avoid light potential interference issues, and, in
this study, it was set as a reference. However, the pPAD off-laboratory
use is a key feature for point-of-care (POC), so smartphones have been
favoured as detectors since they provide an easier “on-hand” approach.
In this context, different approaches have been reported on several
image acquisition systems, such as optical platforms adapted to restrict
lighting conditions so as not to affect the image [42], using only the
phone camera and flashlight [30], using the phone camera and exterior
lighting conditions [25] and using the smartphone for both image
acquisition and treatment [23]. Nevertheless, in those reports, no proper
comparison studies were carried out. So, it became pertinent to evaluate
the impact of lighting conditions and different image acquisition sys-
tems on the quantification process, with a structured comparison to
ensure accurate and robust results.

The results proved that the scanner enabled a higher intensity counts
and a higher uniformity in the images acquired than the smartphone if
there is no external light conditions are accounted for. It showed that,
when using a smartphone, external light conditions cause variations in
the acquired signal.

To minimize these effects, a closed and opaque box should be
employed for smartphone image acquisition. After evaluating the
impact in the intensity counts, further signal processing was also
assessed by calculating the absorbance, establishing calibration curves
and carrying out analytical quantification, which made possible to prove
that there was no difference between the smartphone-acquired images
compared to the scanner.

In the end, it was proven that a more convenient and portable image
acquisition system, namely a smartphone, can be used in a scenario of
limited resources using pPADs analysis, as it still provides an accurate
quantification. However, it was also proven that exterior lighting con-
ditions do impact image acquisition and the following image processing.
The pPADs, with either of these acquisition systems, present the
important advantage of being potentially used by individuals without
specialized training, suitable for home use, combining a user-friendly
approach with affordability and accessibility.
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