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Alzheimer’s disease is a devastating con-
dition characterized by a progressive and slow brain decay
in elders. Here, we developed a paper-based lateral flow
immunoassay for simultaneous and fast determination of
Alzheimer’s blood biomarkers, fetuin B and clusterin.
Selective antibodies to targeted biomarkers were immobi-
lized on gold nanoparticles (AuNPs) and deposited on
paper pads. After adding the sample on the paper-based
device, the biofluid laterally flows toward the selective
antibody, permitting AuNP-Ab accumulation on the test
zone, which causes a color change from white to pink.
Image analysis was performed using a customized
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algorithm for the automatic recognition of the area of analysis and color clustering. Colorimetric detection was
compared to electrochemical methods for the precise quantification of biomarkers. The best performance was found for
the color parameter “L*”. Good linearity (R* = 0.988 and 0.998) and reproducibility (%RSD = 2.79% and 1.82%, N = 3)
were demonstrated for the quantification of fetuin B and clusterin, respectively. Furthermore, the specificity of the
immunosensor was tested on mixtures of proteins, showing negligible cross-reactivity and good performance in complex
environments. We believe that our biosensor has a potential for early-stage diagnosis of Alzheimer’s disease and toward a
better understanding of Alzheimer’s developing mechanisms.
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Izheimer’s disease (AD) is a neurodegenerative illness

characterized by a progressive and irreversible decline

on diverse intellectual functions such as memory,
orientation in time and space, and ability to perform daily
tasks[] Currently, there is not a unique simple test for precise
diagnosis of AD. Accordingly, neuroimaging of the brain and
analysis of Lﬁﬂrget biomarkers in cerebrospinal fluid (CSF) are
performed.®™ Such diagnostic methods are poorly accessible,
time-consuming and require specialized professionals and costly
equipment. Furthermore, CSF analysis involves a highly invasive
lumbar puncg e, presenting an extremely negative perception
to the public.? Additionally, successive CSF sampling is limited,
as it can impact biomarkers levels.[]

Consequently, recent efforts have been focused on the
identification of AD biomarkers in the blood[] Advantages in
replacing blood over CSF include easy and low-cost sampling,
which allows tests to be performed more frequently in a greater
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number of patients. Although a unique biomarker capable of
diagnosing AD with high fidelity has yet to be discovered, the
detection of multiple biomolecules appears to be a promising
approach. Among them, altered concentrations of proteins such
as fetuins and clusterin I‘Eavbeen reported in the literature to be
related with AD disease. - Fetuin B and fetuin A display lower
blood concentrations in AD patients when comgared to healthy
subjects, being mainly related to brain volume.”?! Clusterin, on
the other hand, presents itself in higher blood concentrations in
AD ggt'@nts, being possibly related to the cognitive decline
rate B8 Typical plas @oncentrations are on the order of
1072 g/L or 0.2 gmol/L—"4 and 1073 g/L or 10 nmol/L,B for
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Figure 1. (A) (i) Lateral flow paper device for the detection of clusterin and fetuin B including sample (S), conjugation (C), and test (T) areas.
(ii) Before sample addition, selective antibodies to clusterin (Cl) and fetuin B (F) immobilized on AuNPs were loaded on the conjugation zone.
(iii) Strategy followed to detect clusterin was based on a competitive assay in which clusterin immobilized on the test zone competes for the
AuNP-Ab with the protein present in the sample. (iv) Sandwich strategy used for detection of fetuin B relying on the antibody immobilization
on the test zone and combination of analyte and AuNP-Ab on this zone. Two independent arms are used for the simultaneous detection of
Alzheimer’s disease biomarkers clusterin and fetuin B, while the third arm is used as a negative control (BSA). (B) Colorimetric analysis of
lateral flow assays. Color distribution (i) before and (ii) after sample addition. Part ii also shows the colorimetric analysis using an automated
Matlab software. (C) (i) Device picture. (ii) Sample data. Color changes in the test zone upon the addition of different fetuin B concentrations.
(iii) Calibration curve constructed using the colorimetric component L* on L¥a*b* color space.

fetuin B and clusterin, respectively. Although the relation of
these proteins with the disease is well established by many
researchers, still there is not a complete study that includes the
specific values from which AD can be diagnosed among different
patient groups. Current quantification of these biomarkers
within blood is performed by enzyme-linked immunosorbent
assay (ELISA), which, although being precise and presenting
low limits of detection (LOD), requires specialized researchers
and equipment, presenting high costs and low portability and
availability. Therefore, the development of deployable, low-cost,
and accessible techniques for quantifying AD blood biomarkers
is of great interest for advancement and further study of early
detection of the illness.

Microfluidic paper-based analytical devices (uPADs) have
emerged as a promising clinic-based diagnostic platform for the
development of simple, portable, low-cost devices for
multiple biomarker quantification ™ The combination of

UPADs with colorimetric and electrochemical detection has
demonstrated selectivity and multiplexing capabilisa)f this
method toward early detection of different diseases.""!
Herein, we describe a paper-based lateral flow immunoassay
for the simultaneous, fast, and low-cost determination of
Alzheimer’s blood biomarkers, fetuin B and clusterin. The
microfluidic device comprises four pads (sample, conjugate, test,
and absorbent pads). Selective antibodies to targeted bio-
markers were immobilized on gold nanoparticles (AuNPs) and
deposited on the conjugate pads. After adding the biofluid on
the paper-based device, it laterally flows toward the selective
bioreceptors, allowing AuNPs to accumulate on the test zone.
The quantification of biomarkers was evaluated by the analysis
of the color intensity on the test zone and by measuring the
oxidation peaks of AuNPs via stripping voltammetry measure-
ments. Both colorimetric and electrochemical detections have
been evaluated and compared for both biomarkers. Finally,
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Figure 2. (A) Detection mechanism using HBr/Br, and redissolution voltammetry. (B) Screen-printed electrodes are positioned on top of the
test zones (inset) and SWV measurements are performed for the biomarkers’ quantification.

fetuin B and clusterin were detected in the presence of another
proteic Alzheimer’s biomarker related to aég@ions in the brain
volume, pancreatic prohormone (PPY), showing negli-
gible interference of other present biomolecules. Due to the
increased accessibility provided by the tests, these advancements
hold considerable promise toward early-stage Alzheimer’s
disease diagnosis and understanding its developing mechanisms.

RESULTS AND DISCUSSION

A millimeter-size paper-based lateral flow immunoassay device
has been developed ([Figure 1A, i). The device consists of a
central circle, corresponding to the sample zone (S) along with
three independent arms. Each of them presents two more
circles: one corresponding to the conjugate zone (C) and
another to the test zone (T). The arm ends in a big rectangle,
which acts as an absorbent zone (A) (Figure STA]). All the
modified areas in the device are circular, assuring reproducible
spreading of the solutions. Each path was modified with a
specific AuNP-Ab conjugate, Ab(C) for clusterin and Ab(F) for
fetuin B, for the quantification of the targeted biomarker ([Figure]
[[A, ii). The third arm is unmodified and used as a control,
remaining white after lateral flow of the sample. This device was
designed with thin channels and soft curves, minimizing possible
dead zones and allowing a continuous and homogeneous
solution flow.

To obtain the best performance for the quantification of fetuin
B and clusterin, two different strategies were applied. Fetuin B
was detected using a sandwich approach ([Figure 1A, iv). In this
case, test zones were modified using anti-fetuin B antibodies
Ab(F), and the pink color became more intense with increasing
amounts of fetuin B on the sample. The use of this methodology
was possible due to the multiple interaction sites for anti-fetuin B
present on the protein. Clusterin, however, did not present
simultaneous binding to two antibodies in the tested conditions.
We hypothesize that the lack of multiple interaction sites
between the protein and its specific antibody prevented a
detectable signal. Therefore, a competitive assay was applied for
clusterin ([Figure 1]A, iii). In this case, the analyte clusterin was
immobilized on the test zones and competes with the clusterin
contained in the sample for the interaction with antibody-
labeled AuNPs. As a result, increasing concentrations of
clusterin biomarker on the sample results in lighter pink tones

(Figure 1B).

Fifteen minutes after sample addition, test zones were
analyzed using both electrochemistry and colorimetric techni-
ques. For colorimetric detection, test zone images were supplied
to a customized software, which performed the automatic
quantification of the biomarkers in CIE L*a*b* color space. The
CIE L*a*b* was defined by the International Commission on
Hlumination (CIE) in 1976, and it expresses colors as three
values: L* indicates the lightness from black (0) to white (100),
a* from green (—) to red (+), and b* from blue (—) to yellow
(+).

Lateral flow devices were assembled and tested using anti-
fetuin B antibodies in a sandwich immunoassay ([Figure S20). A
solution containing 100 nmol/L of fetuin B and a blank sample
(Tris-HCI buffer) were tested. In all cases, the sample
homogeneously flowed through the three arms, with the test
zone turning pink only in the presence of fetuin B ([Figures IC
and [520). Furthermore, AuNP-Ab conjugates were dragged
with the solution flow, showing conjugate zones change color
from pink to white color after sample application. No AuNP-Ab
accumulation was visualized on the test zone after the
application of blank samples. Good reproducibility among the
arms was found for fetuin B (% RSD = 2.60, n = 3) when
analyzing the colors using the parameter L*.

Optimization of Lateral Flow Assay. Concentration,
incubation times, and volume of solution were optimized for
each of the lateral flow assay components. Respective data and
figures are given in the Supporting Information (see Section 54),
with the final protocol being described in the section.
The AuNP-Ab conjugation and protein immobilization onto the
conjugate zone was also investigated (see [Sections S2 and S3)).

Then, a calibration curve was constructed using fetuin B
concentrations from 5 to 500 nmol/L, which includes its typical
concentrations in human plasma ([Table S2)). The test zone
displays more intense pink tones for higher protein concen-
trations, which are visible to the naked eye.

Choice of Detection Method. Biomarker quantification
was performed via AuNP content on the testing pad. The AuNP
quantification was performed by both electrochemistry and
colorimetry methods. Electrochemical detection of biomarkers
was performed by indirect determination of AuNP content.
AuNP electrochemical quantification consisted in performing
the oxidative dissolution of the NPs into metallic ions (Au*) for
their further detection via square wave voltammetry (SWV)
(Figure 2A). [Figure 2B shows sample voltammograms for
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Figure 3. (i) Fifteen minutes after sample addition, first, pictures are taken, then, manually cropped on the dotted lines and provided to the
developed software. (ii) Colorimetric software precisely segments the area to be analyzed and generates the color parameters L*, a*, b*, and D
for each test zone. Data for each biomarker are separated and, from there, the user can then follow two different paths. (iii) If the biomarkers’
concentrations are known and provided to the software, a calibration curve is built. L*, a*, b*, and D values for each of the analyzed points are
provided to the users, as well as the linear regression equation. Or (iv) if the biomarkers’ concentrations are unknown, a calibration curve can be
loaded into the software. The program then returns the biomarkers’ concentration based on the provided data, as well as a graph displaying the
loaded calibration curve and the analyzed points. Colorimetric parameters L¥, a*, b*, and D for each test zone are also provided to the user.
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Figure 4. (A) Calibration curves for fetuin B using (i) electrochemical technique; (ii) colorimetric component “L*”, and (iii) colorimetric
parameter “D”. (B) Calibration curves for clusterin using (i) electrochemical technique; (b) colorimetric component “L*”, and (iii)
colorimetric parameter “D”.

clusterin and fetuin B using our customized screen printed mL/ug mm?), and its LOD was calculated to be 0.32 ng/mL
electrodes (SPEs).

A good linearity was obtained (R* = 0.998) at concentrations
from 10.48 to 104.77 ug/mL of AuNP-Ab (Figure S10A)). reproducibilities with a variation of RSD = 10.9% (n = 3), which

(Supporting Information S9). The fabricated SPEs displayed

Additionally, the sensor presented good sensitivity (0.143 yA were lower than commercial electrodes (RSD = 17.4%, n = 3).
D DOI. [U-T0Z T e Rane 9B0E5 7

ACS Nano XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06571/suppl_file/nn9b06571_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06571/suppl_file/nn9b06571_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b06571

ACS Nano

Colorimetric detection of biomarkers was performed by
AuNP accumulation on the test zone, due to protein—antibody
binding, changing the test zone color from white to pink. For the
colorimetric analysis, a MATLAB-based software was devel-
oped. The program analyzes the intensity of pink tones present
on the test zone and relates it to the AuNP-Ab concentration
(Figure J). The pictures are manually cropped and loaded into
the developed software (i). Next, the algorithm performs a series
of automated procedures and quantifies the AuNP-Ab. The
colors of the image are treated to highlight the pink tones related
to the label. Then, the software recognizes the areas to be
analyzed and segments the image precisely (ii). The color tones
are segmented into clusters according to their similarities.
Accordingly, the value of each component on color space
L*a*b* and the distance of the main cluster color to red are
investigated (D). The user can then follow two different
directions. If the sample concentrations are known and provided
to the software, a calibration curve is generated (iii). If
concentrations are unknown, a calibration curve can be provided
to the program, and it determines the AuNP-Ab concentration
(iv). The color analysis procedure was optimized to mitigate/
reduce external noise in the colorimetric signal from back-
ground, shadows, or illumination without affecting the accuracy
(see Bection S§).

Biomarker Quantification Using the Lateral Flow
Platform. The quantification of the studied biomarkers was
performed using the lateral flow platforms and the AuNP-Ab
optimized detection methods.

Calibration curves were constructed for each of the
biomarkers individually. Fetuin B was explored from 0.1 to
500 nmol/L (Figure 4A and [Figure S124]) using both
colorimetric and electrochemical detection. Corresponding
test zones and square wave voltammograms are displayed in
respectively. Reproducibility and LOD of each
parameter can be seen in [Table 1, while R* and linear range can

be seen in [Table S§

Table 1. RSD (%) and LOD for Each of the Biomarker
Quantification Methods Tested (n = 3 Samples)

fetuin B clusterin
RSD LOD (nmol/ RSD LOD (nmol/

method (%) L) (%) L)
colorimetry/L* 2.79 0.24 1.82 0.12
colorimetry/a* 20.26 0.09 21.07 0.03
colorimetry/b* 17.83 1.77 2543 0.70
colorimetry/D 21.67 0.09 20.39 0.03
SW voltammetry 17.27 0.003 25.76 0.0008

As expected from a sandwich assay, the higher the
concentrations of fetuin B, the more intense the pink color
obtained. Also, in all calibration curves, a linear tendency is
followed by saturation. This probably occurs due to the limited
number of interaction sites on the test zone, maintaining the
obtained signal constant over determined protein concentration
(100 nmol/L).

The linear range obtained using the different detection
methods did not display significant variations between tested
parameters, with typical concentrations being 0.1 to 100 nmol/
L. However, additional analysis showed significant advantages
and disadvantages of the compared methods. The colorimetric
technique showed coefficients of linearity higher than those of
the electrochemical technique (0.997 and 0.992 for D and a*

components, versus 0.960 for electrochemistry), while the
electrochemical methods displayed a significantly lower LOD
(0.003 nM for electrochemistry vs 0.09 nM for both colorimetric
parameters “a*” and D). Finally, the reproducibility of
colorimetric parameter “L*” stood out by being 10 times higher
than the rest of the explored methodologies. Overall, the
colorimetric parameter “L*” was chosen to be the most useful
parameter demonstrating good linear coefficients (0.988), good
reproducibility (RSD = 2.79%, n = 3), and an adequate LOD of
0.24 nmol/L for detectio@rotein in human blood (typically
found around 0.2 /,tmol/L ).

Similar studies were performed for clusterin for protein
concentrations ranging from 0.1 to 1000 nmol/L ([Figure 4B,
[Figure S12B) and analytical validation ([Table 1] and [Table S§)).
Square wave voltammograms and test zones can be found in
Figure ST

Clusterin calibration curves, similarly to fetuin B, displayed a
linear tendency followed by saturation. In this case, the
competitive format of analysis leads to a decrease in color
intensity when increasing protein concentration. The saturation
in this kind of system can be justified by the sample interaction
with all available interaction sites on AuNP-Ab conjugates.
‘When comparing electrochemical and colorimetric techniques,
both present similar linearity values ranging from 0.1 to 25
nmol/L. Linear coeflicients presented by colorimetric techni-
ques (0.998 for “L*” and 0.962 for “b*”) were higher than those
of electrochemical techniques (0.945). Furthermore, LODs
were significantly lower using electrochemistry (0.8 pmol/L)
than using colorimetric techniques (0.12 and 0.7 nmol/L for
“L*” and “b*”, respectively). Again, a 10 times higher
reproducibility for the “L*” parameter when compared to
other techniques was observed.

Therefore, the parameter “L*” displayed the best overall
performance for quantifying both biomarkers, showing high
linearity coefficients and good reproducibility. This result is
different than the one obtained on a standard calibration test
performed during the absence of protein. In this case, “a*” and
“D” displayed the best results for AuNP-Ab quantification. This
can be explained by the fact of AuNPs changing color by the
presence of biomolecules, such as proteins, on the surface[”
Furthermore, three different protein mixtures containing fetuin
B, clusterin, and PPY were explored, indicating no significant
cross-reactivity among the detection arms of the device ([Tabld
9.

Therefore, the device is capable of simultaneously detecting
AD biomarkers and displays a good potential for applications
using complex samples such as plasma and/or other biological
fluids.

CONCLUSIONS

We have described a lateral flow paper-based biosensor for the
simultaneous quantification of two AD biomarkers (fetuin B and
clusterin) using Ab-labeled AuNPs. The developed test design
allows the usage of a 3-fold less volume of sample when
compared to the conventional stick format and provides easy
assembly and lowered production costs. The colorimetric
methodology using parameter “L*” displayed the best potential
for biomarker quantification, showing good reproducibility and
linearity. Furthermore, the biosensor displayed low rates of
cross-reactivity in multianalyte samples. This device is also
capable of quantifying AD biomarkers at normal blood levels.
Thus, this platform holds great potential for assisting the
Alzheimer’s disease diagnosis and fast study of a larger amount
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of patients, making routine testing more accessible and therefore
increasing use throughout the healthcare sector toward high
probability of early detection.

With the goal of increasing the accessibility of the developed
devices, future improvements may include substitution of
professional cameras with personal mobile phones and relevant
software/apps for automated analysis. Patterned colors can be
added to the device, aiding the test zone analysis with different
lightning and allowing users to perform the test in a wide range
of scenarios. Further steps to assess real-world scenarios will be
implemented by focusing on exploring biofluids from healthy
and diagnosed patients. Furthermore, the developed device can
be readily adapted for the multiple detection of innumerous
other analytes and biomarkers, with added sensing branches if
necessary for additional protein interferent analysis.

We foresee that our developed devices will have considerable
potential for precise diagnosis of AD biomarkers in an accessible
manner, which could eventually result in an enhanced life
expectancy of AD patients and a better understanding of the
disease mechanism, possibly toward improved therapies.

METHODS

Device Patterning. Microfluidic devices are composed by three
individually cut parts ([Figure S14]). (i) A 2 X 2 cm® wide release pad
(Standard 14 Conjugate release pad, GE Healthcare, USA) that
combines the sample (S) and conjugate (C) areas. This part was cut by
a CO, laser cutter (40 W, Orion Motor Tech, at 1% of the maximum
power). (ii) A 3 mm diameter test zone based on nitrocellulose (NC)
(FF120HP PLUS, GE Healthcare, USA). Circular pads were cut with a
manual pressure hole puncher (3EG, EDA, Brazil). Finally, (iii) an
absorbent zone (A) composed by a thick cellulose membrane
(CFSP173000, Merck Millipore, USA), which was cut with scissors.

Paper-Based Device Modification. Three different device areas
are modified to ensure its proper functioning: (1) the test zone, which
has specific bioreceptors being immobilized on its surface; (2) the
conjugate zone, which has AuNP-Ab complexes that are able to move
along with the sample flow; and (3) the sample zone, which is modified
by Tween-20 to ensure uniform liquid flow.

The test area was modified by adding 1 L of Ab (1 mg/mL,
phosphate-buffered saline (PBS) 1x) for 15 min during constructing
sandwich assays, as in the case of fetuin B, or by the modification by 3
uL of protein (0.25 mg/mL, PBS 1X) for 45 min, in the competitive
assay, used for clusterin. Then, 10 uL of a BSA (bovine serum albumin)
solution (1% w/v, PBS 1%, Sigma-Aldrich, USA) was incubated for §
min to block any interaction sites available in the NC. Next, membranes
were washed three times with PBS, dried with compressed air, and
stored in a refrigerator until further use. Anti-fetuin B (11834-RP01)
and anti-clusterin polyclonal antibodies (11297-RP01) were acquired
from Sino Biological (China), as well as their antigens, fetuin B (11834-
HO8H) and clusterin (11297-HOSH).

The conjugate zone was loaded with AuNP-Ab specific for each
desired analyte. The conjugates were fabricated using an InnovaCoat
Gold 20 nm kit, following precisely the manufacturer’s instructions
(Expedeon, England). For loading the conjugate zone, 2.5 uL of AuNP-
Ab was added every 30 min up to 10 uL, at room temperature (24 °C).
The device was completely dry and stored at 5 °C for further use.

Furthermore, the sample zone was modified with 10 yL of Tween-20
(0.1% v/v, Sigma-Aldrich, USA), to ensure uniform liquid flow through
the device and left to dry at room temperature.

For the simultaneous biomarker quantification, one of the device’s
path was modified for fetuin B detection, the second for clusterin
detection; the third path was used as a flux control, being coated only
with BSA. The control path is expected not to present any color change
after sample addition.

Assembly and Use of the Device. A polyethylene terephthalate
(PET) substrate was used as a support for assembling the lateral flow

device ([Figure SIB). First, a 3.0 X 3.0 cm* PET was covered using

double-sided tape. Then, three nonmodified NC membranes were
attached using a mold. NC membranes were modified in the PET
platform (i), and the main part (with conjugate zones already loaded
with AuNP-Ab and sample zone modified by Tween-20) (ii) and
absorbent zone (iii) were added to form the final device. The structures
overlap by ~0.5 mm, assuring uniform liquid flow between each piece.
To perform the analysis, 50 4L of sample was added at the center of the
device. Protein solutions were prepared in Tris-HCI (50 mM, pH 8.0,
NaCl 150 mmol/L). Fifteen minutes after sample addition,
quantification of biomarkers was performed using both electrochemical
and colorimetric techniques.

Fabrication of Customized Screen-Printed Electrodes.
Customized SPEs were fabricated using a semiautomatic printer,
MMP-SPM (Speedline Technologies, USA), and tailored stencils. The
stencils were designed using AutoCAD software (Autodesk, USA) and
produced by Metal Etch Services (USA) using stainless steel sheets
(30.5 X 30.5 cm?). The electrodes were printed on PET in two different
steps (Figure SIQ). First, Ag/AgCl ink (E2414, Gwent Inc., UK) was
used for printing the reference electrode, and three conductive trails
were used for the electric connections. The printout was cured at 85 °C
for 15 min. Then, carbon ink (C2070424P2, Gwent Inc., UK) was used
to print the counter and working electrodes, and the layer was cured at
85 °C for 15 min. Next, a transparent insulating layer (Dupont 5036,
USA) was used to define the electrode area of 3 mm? for the working
electrode. shows the final electrochemical design. Designs
were optimized and tested according to their stability, reproducibility,
and repeatability (Section S7), with the straight-electrode design
showing the best performance.

Electrochemical Measurements. All electrochemical measure-
ments were performed using customized SPEs in a uStat 200
potentiostat (Dropsens, Spain). To quantify the AuNPs after lateral
flow tests, the metal was oxidized on the corresponding pad using an
optimized acidic solution (see for details). Fifteen minutes
after sample addition, the paper-based channel adjacent to the test zone
was disconnected to prevent any reaction products from diffusing
throughout the paper device during electrochemical measurements. We
then applied a 6 yL drop of a HBr/Br, mixture (1.0 M HBr, 0.1 mM Br,,
ultrapure water) (Sigma-Aldrich, Brazil) on the test zone for 15 min.
Next, 0.5 L of phenoxyacetic acid (1.0 mM, ultrapure water) (Sigma-
Aldrich, Brazil) was added to the solution. Electrodes were put in
contact with the soaked testing paper, and a SWV test was performed
(Figure 2)) using the following parameters: accumulation time:150 s,
—1.4V, equilibration time 15 s, potential window 0.0 to +0.75 V, step 4
mV, amplitude 25 mV, and frequency 15 Hz. (See for more
details.) The gold oxidation peak intensity (i,,) was then used to
quantify the metal. All electrochemical measurements were performed
at room temperature. Under this optimized conditions, sensor
performance was evaluated (Section S9). Total time for electro-
chemical analysis was 35 min.

Colorimetric Measurements. Colorimetric analysis was per-
formed on pictures taken with a professional digital camera, Canon
EOS 600D, 15 min after sample addition. This time was chosen to
address the minimum time required for a complete flow of the sample
through the test zone. Furthermore, allowing longer than 1S min
resulted in uneven colors, hence hampering the analysis because of
dryness of the sample pad. The camera was equipped with Canon EFS
18—55 mm lenses, and a flash ring was used to guarantee uniform and
standardized illumination. The protocol applied for taking pictures is as
follows: (a) the distance between focal plane and sample: 28 cm, (b)
ISO 3200; (c) F-stop: £/5.6; (d) exposure time: 1/100 s. For image
analysis, a customized code was developed using MATLAB (Math-
Works) ([Figure 3). The optimized parameters used for software image
analysis included a cutoff radius of 0.3, which describes the test zone
analysis area, and n = 3, which indicates the number of color clusters
used on the test. Four different components were evaluated, L* for the
lightness from black to white, a* from green to red, b* from blue to
yellow, and D for the distance of the main cluster color to red. The total
time for colorimetric analysis was 20 min.
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