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Abstract

Dysregulation of nitric oxide (NO) and it’s two relatively stable metabolites, nitrite, and nitrate, in SARS-CoV-2, are
reported in infected populations, especially for nitrates levels > 68.4 pmol/L. In this paper, we measure the abnormal
presence of nitrite in the saliva by developing a cheap pPAD for colorimetric detection through the modified Griess reac-
tion. This includes a diazotization reaction between nitrite and Griess reagent, including Sulfanilamide and N-Naphthyl-
ethylenediamine in an acidic medium, causing a pink Azo compound. The modifications are suggested by a numerical
method model that couples the mass flux with the porosity medium equations (convection, diffusion and, dispersion) that
improves the mixing process. The mixing index was quantified from the concentration deviation method via simulation
of a homogeneous two-phase flow in a porous environment. Five pPAD designs were fabricated to verify the simulation
results of mixing enhancement on the Griess reactants in saliva samples. The investigated geometries include straight,
helical, zig—zag, square wave, and inclined jagged shapes fabricated by direct laser writing, suitable for low cost, mass
fabrication. Inclined jagged micromixer exhibited the best performance with up to 40% improvement compared with the
simple straight geometry. Deliberate geometrical modifications, exemplified here in a jagged micromixer on paper, cut
the limit of detection (LOD) by at least half without impacting the linear detection range.
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1 Introduction

Microfluidic paper-based analytical devices (LPADs)
have recently drawn considerable attention (Yetisen
et al. 2013; Pattanayak et al. 2021), especially for Point-
of-Care (POC) applications (Ebrahimi Fana et al. 2021;
Tseng et al. 2021; Kishnani et al. 2021) due to their low
cost (Mai et al. 2019; Tesfaye and Hussen 2022), wick-
ing transport (Osborn et al. 2010), low volume analysis,
multiplexing (Gravesen et al. 1993), user-friendliness
(Mehrdel et al. 2018), high efficiency (Wang et al. 2020),
and short processing time (Lopez-Ruiz et al. 2014).
Owing to their relatively simple and low-cost fabrica-
tion equipment (Koivunen et al. 2016), pPADs have
found numerous applications in autonomous technology
(Patil et al. 2020), environmental control (Wang et al.
2021b; Damodara et al. 2021), food quality monitoring
(Cinti 2019), development of nano-biosensors (Swain and
Bhand 2021), and especially detection of various health-
related compounds (Eisenbrand et al. 1980; Jayawardane
et al. 2014; Sukuroglu et al. 2015; Burleigh et al. 2018;
Kamali et al. 2018; Koji¢ et al. 2020; Ferreira et al. 2021;
Shariati and Khayatian 2022), particularly as a rapid,
low-cost tool for screening and control of pandemics,
such as COVID-19 (Lorente et al. 2020; Verma et al.
2020; Wang et al. 2021a).

Numerous biochemical applications require enhanced
micro-mixing of biochemical analytes, which is an
intrinsic trait of microfluidic devices, especially pPADs
(Capretto et al. 2011; Zhang et al. 2018a). In pPADs, due
to the porous texture of the paper, capillary forces control
the passive mixing of analytes in the device (Rezk et al.
2012; Schaumburg and Berli 2019), which requires to be
enhanced to increase the efficiency. As a result, response
time is lowered along with the detection limit, exempli-
fied in many applications such as blood sugar testers,
protein detection in urine (Gao et al. 2019), or nitrite
detectors in serum or saliva (Moorcroft et al. 2001; de
Castro et al. 2019). Nitrite and nitrate monitoring require
repeated and numerous samplings in patients due to its
importance in kidney sophistication, gum infection (Pig-
natelli et al. 2020) or the blue baby syndrome, gastric
cancer (Reed et al. 1981; Jayawardane et al. 2014), the
trend of hemodialysis in renal diseases (Klasner et al.
2010), and recently COVID-19 monitoring and screen-
ing before and after the infection(Lorente et al. 2020;
Wang et al. 2021a). Nitric oxide (NO) metabolites that
were identified in the late 1980s (Brizzolari et al. 2021),
help as a health status predictor of infected and recov-
ered COVID-19 patients (Lorente et al. 2020; Wang et al.
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2021a) due to the Nitrite and Nitrate increased level in
blood serum and saliva of COVID-19 patients, especially
for non-survivors that leads to cardiovascular dysfunc-
tion and bioenergetic failure cellular toxicity (Lorente
et al. 2020; Wang et al. 2021a). pPADs can address this
need by enhancing the reactant-biomarker mixing and
biochemical reaction (Cardoso et al. 2015).

Nitrite can be measured by various methods such as col-
orimetry (Zhang et al. 2018b), chromatography (Barciela
Alonso and Prego 2000; Jobgen et al. 2007), spectropho-
tometry (Miranda et al. 2010; Irandoust et al. 2013; Wang
et al. 2018) and electrochemistry (Badea et al. 2001). Most
of these methods are costly and require an educated operator
and sophisticated equipment (Chauhan and Toley 2021), and
thus not suitable for mass screening and monitoring.

However, the colorimetric method (Zhang et al. 2018b),
especially using Griess reaction (Shinn 1941; Ferreira et al.
2020; Cai et al. 2021) and a cost-effective platform, such as
pPADs is simply conducted with arbitrary detection and a
relatively vast linear concentration range. Numerous stud-
ies have addressed nitrite detection by the Griess method
in pPADs (Wang et al. 2017; Liu et al. 2018; Dudala et al.
2019; Trofimchuk et al. 2020). Parameters investigated
include the effect of temperature on color development, the
acidity of the environment and its impact on the color inten-
sity (Bhakta et al. 2014), color stability (Klasner et al. 2010;
Bhakta et al. 2014), extruding the pPAD into 3D (Jayawar-
dane et al. 2014), and reducing the fabrication time (Klasner
et al. 2010). Nevertheless, the effect of micromixer geometry
on mixing efficiency for nitrite detection and its implications
for performance enhancement has not been much dealt with
yet. Moreover, the linear range was sacrificed to improve
the LOD, which limits the application range. On the other
hand, the efficiency of the nitrite analyzer depends on the
performance of the passive paper-based micromixer, which
is highly dependent on the channel structure design (Gidde
and Pawar 2020).

In this paper, The modified Griess reaction (Tsikas 2007)
method is selected for detection due to the convenience of
visible change in a biological sample upon the presence of
nitrite. A paper-based micromixer mixes the sample and
runs the Griess reaction. We numerically and experimen-
tally examine the outcomes of simulations and experiments
among five different geometries to adapt a suitable one,
increase the mixing efficiency, and enhance the detection
accuracy. The designed pPADs were fabricated by a facile
and cost-effective laser cutting method. By improving the
mixing of the reagent and sample in small dimensions, these
pPADs were illustrated to simultaneously enhance the sen-
sitivity and linear detection range.
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2 Materials and methods
2.1 Numerical study

This section introduces the proposed geometry models, the
applied boundary conditions, the main equations, and the
numerical method used to numerically solve the two-phase
mass transport problem and explore its effect on mixing
efficiency.

2.1.1 Geometry and boundary conditions

To study the effect of channel structure on the mixing effi-
ciency and select the most practical geometry, five pPAD
designs with two inlets, a mixing channel, a detection zone,
and an outlet were examined (Fig. 1). Normal inflow veloc-
ity was measured using a digital microscope (Coolingtech,
Guangdong, China). 10 pL of sample was dispensed and
the movement of fluid through the porous medium was
recorded in real time. At each runway direction, the average
flow velocity was measured on the pad for at-least four con-
secutive equally spaced distances, (Asiaei et al. 2018), and
the result was used as a normal inflow velocity of 5 mm/sec
as a boundary condition. The boundary conditions applied

Inlet 1

Table 1 Boundary conditions at the inlets and outlet

Boundary Normal inflow Nitrite concentra- Pressure
velocity tion

Inlet 1 5 mm/s 10 mM -

Inlet 2 5 mm/s 0 -

Outlet - - 0 Pa

to each part of the pPADs are illustrated in (Table 1). In the
design of geometries, the significant factors such as chan-
nel width, length of the mixing zone, number of fractures,
and output length were kept the same for all the designs;
the total height of the mixing zone is 3 mm in all four opti-
mized proposed cases.

2.1.2 Governing equations

In the first step, the dynamics of capillary-driven fluid are
resolved to procure a macroscopic velocity field u, clari-
fied by the fluid viscosity, porosity, permeability, and the
geometrical boundaries of the fluid zone. Coupled with this
velocity field, the macroscopic species concentration field
C is utilized as follows (Elizalde et al. 2015):

Detection zone

(diameter=2mm)

(height=0.7 mm)
(Iength=3.53mm)

Outlet

(angle=60")

(height=1mm)

Mixing channel

Inlet 2

(b)

(d)

(8.43 mm)

(V]

(e)

Fig. 1 Five different geometries were used in the numerical simulations, a straight, b zig—zag, ¢ helical, d square-wave, and e inclined-jagged
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oC
i V-7, 1)
where J is the species’ total mass flux and is derived
from the linear superposition of advection, diffusion, and
mechanical dispersion transport mechanisms, respectively,
by the following equation (Schaumburg et al. 2018; Zag-
klavara et al. 2022):

J=uC—-DyVC —s|u|VC, 2

where D, is molecular diffusion coefficient and s is the
dispersivity constant, which demonstrates a characteris-
tic dimension of the porous fiber network microstructure
(Urteaga et al. 2018).

The inlet flow is supposed to be pseudo-stationary and free
of inertia, concurring with the extremely low local Reynolds
numbers. The system is assumed under isothermal conditions
and with a controlled humidity level. Gravity is ignored in
the studies. With these assumptions, the mass conservation
equation for incompressible fluids can be coupled to Darcy’s
law for each phase, as follows (Hong et al. 2021; Karimi et al.
2021; Hao et al. 2021):

V- (¢u) =0, ?3)
K
=——Vp,
T @)

where k is the paper permeability, y is the fluid viscosity,
¢ is the substrate porosity, and Vp is the pressure gradi-
ent. These expressions can be combined and employed
for calculating the pressure field. Then the concentration
field is obtained as the following boundary value problem
(Schaumburg et al. 2018):

oC _

==V (uC = D,VC —s5u|VC), 5)

C = C, at saliva inlet,

VC - n = 0 at outletsandwalls,

1.2 T o
=©- Schaumburg et al. (2018), s=1e-6
-9~ Current study, s=1e-6

=& Schaumburg et al. (2018), s=10e-6
=& Current study, s=10e-6

08 ~,

o S
Qo6
(8]
0.4
0.2
0 L
0 1 2 3 4 5

Fig.2 Relative concentration as a function of transverse distance

where n is the normal vector to the boundaries. The previ-
ously mentioned parameters values used in this work are
illustrated in (Table 2) (Noiphung et al. 2018; Schaumburg
et al. 2018; Govindaraj et al. 2019).

2.1.3 Numerical method

Numerical simulation is carried out using the finite ele-
ment method (FEM), approximating the governing partial
differential equations (PDEs) with numerical model equa-
tions using discretization methods. The mentioned govern-
ing equations are coupled together and solved by separate
stationary solvers in two study steps provided by COM-
SOL Multiphysics 5.6. Two different physics are applied
and coupled to resolve this problem. Two-phase Darcy’s
law (tpdl) is used to solve the velocity and pressure fields
simultaneously with the discretization of (P2 +P1) for
pressure and fluid content, respectively, using a MUMPS
(Multi-frontal massively parallel sparse) direct solver to
obtain the mentioned fields. Transport of Diluted Species
in Porous Media (tds) is utilized to obtain the concentra-
tion field with linear discretization and is solved using the
PARDISO (Parallel direct solver) solver. Relative toler-
ances used to satisfy the convergence criteria for the two-
mentioned steps are considered as 10~ (Aryan et al. 2022).

Table 2 Parameters value used
in the numerical simulations

Parameter

Value

Saliva viscosity

Saliva density

Griess reagent viscosity
Griess reagent density

Whatman filter paper No. 1 porosity
Whatman filter paper No. 1 permeability

Molecular diffusion coefficient

Whatman filter paper No. 1 dispersivity constant

u, = 0.0014[Pa.s]

p, = 1000[kg/m?]

U = 0.00095[Pa.s]

pg = 981[kg/m’]

@ = 0.68

kK =7.5x 100 = 16)[m?]

Dy = 6.5 x 100 = 10)[m? /5]
S=1x10"(=6) [m]
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Fig.3 Comparison of the numerical results with different grids show-
ing relative concentration

2.1.4 Validation

To verify the numerical model, our simulation results are
compared with the work of Schaumburg et al. (Schaumburg
et al. 2018). In all cases, the numerical model satisfactorily
predicts the expected behavior (Fig. 2).

2.1.5 Grid independence

A mesh independence study is performed to reduce the
computational cost while achieving accurate grid-inde-
pendent results. The relative concentration at the middle of
the mixing channel of the straight geometry is reported for
different grids to check the grid independence. According
to the results illustrated in (Fig. 3), the case with 52,109
elements could provide accurate and independent results
from the computational grid.

2.2 Experimental study

The experiments include three steps: micromixer prepara-
tion, Griess experiment, and image analysis. First, each
paper-based micromixer was prepared by laser cutting.
Then Griess reaction was conducted, and ultimately the
taken images of the detection zone were analyzed by image
processing software.

2.2.1 pPAD fabrication

For fabrication of the pPADs, we have examined and
used a simple, modified CO2 laser cutting process, also
suitable for mass, reliable, and low-cost production (Nie
et al. 2012). The angles were considered 85° and 62° for
inclined jagged and zig—zag geometries, respectively. The
paper used was the No. 1 Whatman® (VWR; Radnor,
PA) paper. Whatman 1 paper is used due to its adequate
porosity/permeability that entails a proper flow velocity of
around 5 mm/s and accordingly enhanced performance for

processing of our saliva samples, such as LOD and linear
range. Higher grades, such as Whatman 2, the porosity
decreases and the pad is more absorbent, not favorable for
our future applications of whole blood or plasma analy-
sis. Moreover, decrease in porosity would decrease the
flow velocity and thus the replenishment rate of reactants
and lower the overall performance. Grade 1 paper has a
higher availability in market, and also in scientific/tech-
nical reports (Martinez et al. 2007) compared to higher
grades. This made our fabrication, verification (Busa et al.
2016) and correlation steps in Nitrite more straight forward
(He et al. 2013; Jayawardane et al. 2014; Lopez-Ruiz et al.
2014; Cardoso et al. 2015). Cutting should be carried out
very slowly (cutting rate of 20 mm/s) and at low power
(laser power of 40 W) at the applied current of 5 mA. The
two inlets with a length of 3.53 mm and a width of 0.7 mm
have a 60° angle with each other. All mixers have a fixed

(@)

Fig.4 Five different geometries were fabricated by laser-cut. a
straight, b zig—zag, ¢ helical, d square-wave, and e inclined-jagged,
design
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width of 1 mm and 8.43 mm in length. The diameter of the
detection zone was 2 mm. The total length of the device
is the same in all micromixers and is equal to 14.31 mm
(Fig. 4).

2.2.2 Griess reaction

Nitrite detection was conducted based on the modified
Griess method, which is a diazotization reaction (Tsikas
2007). Nitrite is reacted in an acidic environment by a rea-
gent, i.e., sulfanilamide, which results in a diazonium salt.
Next, diazonium salt will be converted to a stable AZO
compound by a linking reagent such as N-naphthyl- eth-
ylenediamine, a pink compound (Shinn 1941; Sun et al.
2003). In the modified Griess reaction, using sulfanilamide
in an acidic medium like hydrochloric acid instead of sul-
fanilic acid causes better color stability and faster kinetics
(Shinn 1941; Frenzel et al. 2004; Cardoso et al. 2015).
First, for preparing the Griess reagent, acid-soluble sulfa-
nilamide 1% (Sigma—Aldrich; St. Louis, MO) and water-
soluble N-naphthyl- ethylenediamine dihydrochloride 0.1%
(NED; Merck Millipore, Germany) was mixed with equal
volumetric ratios (Bhakta et al. 2014). We used hydrochlo-
ric acid 10% to create the needed acidic environment. In
the next step, artificial saliva was prepared according to
(Yildirmaz et al. 2003); which included 0.4 mg/ml sodium
chloride (Sigma—Aldrich; St. Louis, MO), 0.4 mg/ml potas-
sium chloride (Gibbstown NJ EM Science;), 0.8 mg/ml
calcium chloride (Alfa Aesar; Ward Hill, MA), 0.69 mg/ml
sodium dihydrogen phosphate (Fisher Scientific; Waltham,
MA) and 0.0163 mg/ml sodium sulfide (Sigma—Aldrich;
St. Louis, MO) in the base solution of 10 mmol/L sodium
nitrate (Merck Millipore, Germany). Before running the
experiment, the micromixer was placed in BSA protein
solution for 30 min as a preprocessing blocking process
(Kamali et al. 2018).

Generally, Griess reagent cannot be stored for more than
8 h (Green et al. 1982). We should keep the Griess reagent
in an opaque jar wrapped in aluminum foil and performed
the experiments in a dark room (Lopez-Ruiz et al. 2014;
Cardoso et al. 2015). With these measures, we could safely
use a stable Griess reagent in a maximum of 3.5 h period.

To avoid the stability issues of premixed Griess Rea-
gent, first, we mixed the artificial saliva and Sulfanilamide
together and added NED separately, thus Griess constitu-
ents are not priory combined (Sun et al. 2003). After drying
the paper, We put a 5 pLL drop of NED in the detection zone
(Li et al. 2014; Lopez-Ruiz et al. 2014), before placing the
sample and sulfanilamide in the 2 inlets. After 10 mina 5
pL drop of sulfanilamide was placed on inlet 2; then, a drop
of saliva with the same volume was placed on inlet 1. Due
to the capillary properties, the drops will advance through
the channel. After a specific time, the presence of nitrite
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in saliva will be confirmed by the emergence of pink color
in the detection zone.

2.2.3 Detection technique

The intensity of the color of the Griess reaction in a sam-
ple depends on the nitrite ion concentration. Due to the
short length of the paper-based device, the volume of
the reagent is also low. In the case of nitrite present in
the analyzed samples, the sensor responds in a few min-
utes. The unaided eye can easily observe the created pink
color. For quantifying the amount of nitrite, an image was
taken from the device after the test, and the analyses of
the presence of nitrite were performed by image process-
ing algorithms developed using MATLAB (Choobbari
et al. 2020). The color intensity was measured according
to the scanned images' RGB color codes (Rhouma et al.
2009; Asiaei et al. 2018). The performance of the five
geometries, as mentioned above, is assessed by image
colorimetry processing. Each pixel is processed and aver-
aged on the whole circle. A higher pick and minimum
deviation from the mean are translated to a satisfactory
mixing performance.

In contrast, a low pick and scattered RGB intensity
correspond to lower or improper mixing efficiencies.
After 7 min from the reaction initialized and, therefore,
color stabilization, the detection zone was imaged by a
smartphone's camera (GALAXY A6+) (Cardoso et al.
2015). The color intensity gradually increased on the
micromixers until it converged to a constant value. For
reliability and trend assessment, images were taken from
the pPAD every minute. After this time, the stable images
of pPADs were considered as the criteria for the concen-
tration of nitrite from RGB values. The mean of the RGB
of all points of the detection zone was calculated using
a home-developed MATLAB image processing code.
For more accuracy, all photos were taken at a specific
period demonstrated in a day and a fixed location. All
the analyses were calibrated by considering an area as a
reference in each photo to eliminate the slightest errors.
In this way, the effect of light or operating error could
be avoided as much as possible. Each data point trial was
repeated at least six times and averaged.

3 Results and discussion

We used a mixing section between the input segment
and the detection zone, which adds complexity to the
geometry and raises the disorders to increase the mix-
ing efficiency and decrease the detection limit. The per-
formance of the corresponding pPAD was examined for
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nitrite detection to confirm the impact of enhanced mix-
ing on the detection performance.

3.1 Effect of inlet angle on mixing efficiency

The impact of the inlet angle between two phases' entry
channels on the mixing efficiency was numerically evalu-
ated. For this reason, six different inlet angles were mod-
eled and simulated based on the straight geometry, as
shown in (Fig. 5). According to (Fig. 6), the mixing effi-
ciency is not much dependent on the inlet angle (less than
2%) because the two entry flows do not affect each other
until the mixing channels' entry, where the stream lines are
cut by the boundary geometry lines. The 60 degrees inlet
angle is selected rather arbitrary and a minor fact was the
easier movement of the laser cutter on mutual 60 degrees
from vertical upward to the entry channel (60 degrees rota-
tion) and then from the upper entry to lower entry and then
to the downward vertical direction. This angle was then
used in both numerical and experimental studies.

3.2 Comparison of puPADs efficiency

For the concentration fields obtained results are as shown
in (Fig. 7), the five studied geometries' mixing efficiencies
were determined from the numerical simulations and by
the image post-processing of the experimental results. For
the analysis, the concentration relative deviation criterion
was used as follows (Jain et al. 2013):

n=|1-2x

where the variable ¢ shows the scaled concentration value
at each point while ¢" represents the scaled concentration

(@
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Fig.6 Mixing efficiency results of the six different studied inlet
angles

at each point of a thoroughly mixed solution (i.e., 0.5), and
A denotes the area where the mixing criterion is calculated
(Jain et al. 2013). Consequently, in each computational
cell, the closer the local concentration value is to 0.5, the
closer the efficiency value is to one. One hundred percent
efficiency means that two substances are found equally in
all cells of the studied section. Hence, by adding curvature,
the length of the straight model increases; besides the pro-
posed geometries, four more straight geometries with the
same path-lines length as the four curvature models are
investigated numerically to find good insight into the effect
of both length and curvature shape on mixing efficiency,
as shown in (Fig. 8).

Adding complexities increases the effective length and
the contact time, as well as irregularity (Rezk et al. 2012).
Upon proper modeling and design, adding irregularities in
the flow path-line also increases the flow resistance in the
unit length of the pad, which decreases the flow velocity
and allows for better mixing. As the results reveal, mix-
ing efficiency generally increases by adding curvature to
the straight micromixer. The inclined-jagged model has
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Fig. 5 The concentration field results of Six different inlet angles modeled and simulated, a 180, b 150, ¢ 120, d 90, e 60 and, f 30 degrees
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Fig.7 Numerical and experimental results of nitrite relative concentration field (right side) and nitrite detection test (left side) for a straight, b
zig-zag, ¢ helical, d square-wave, and e inclined-jagged, geometries
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the best mixing performance compared with all the other
studied geometries. The results showed that for two differ-
ent paper-based micromixers, one with a straight mixing
channel and the other with a curved mixing channel, the
one with a curvature has a higher mixing efficiency due to
its novel curved geometry.

3.3 Determination of LOD with inclined jagged
micromixer

Artificial saliva samples with different nitrite concentra-
tions from zero to 1000 pM were tested by inclined jag-
ged pPAD to determine the limit of detection (LOD) and
measurement range.

Other geometries did not result in conclusive, reliable/
repeatable detection results for analyte concentrations
below 10 pM, presumably due to inferior mixing quality
and/or local trapping/concentration of analytes.

To determine the LOD, analyte concentrations of 0, 5,
5.5,5.6,5.7, 14.2, 25.6, 57.1, 114.3, 500 and 1000 pM
were serially examined. Each data point was recorded after
repeating for 10 times for each pad configuration and con-
centration, reading different pads. The color intensity was
evaluated after stabilization in 7 min from the start time
of the test and recorded with a statistical significance cut-
off of 0.05. Concentrations between 0 and 5.6 uM did not
yield reliable results; not only the color change was not
visually conclusive (minor or incomplete color changes),
but also the color intensity was less than 3 times of the

5.7 uM 14.2 uM 25.6 uM

57.1 uM

noise in baseline (Shrivastava and Gupta 2011). Artificial
saliva was prepared, nitrite concentration was gradually
increased from zero to 1000 pM, and the test was repeated
each time. The detection zone showed no color variation
until the concentration of 5.7 pM, as shown in (Fig. 9). To
propose the outcomes of the test as a database, the final
results and the curve fitting plot is illustrated in (Fig. 10a).
The reports have become linear and are shown in (Fig. 10b)
to make this more user-friendly.

The demonstrated LOD and linear range enables draw-
ing meaningful conclusions for COVID-19 and other
Nitrite/nitrate marked disease. Compared to healthy sub-
jects, higher nitrate and nitrite levels were observed in
COVID-19 patients (Lorente et al. 2020), around 20 pM.
Nevertheless, the levels were not significantly different
among mild-, common-, severe and critical-type patients
who recovered from COVID-19 disease (Lorente et al.
2020; Wang et al. 2021a). On the other hand, for non-sur-
vivors, higher nitrate and nitrite levels have been shown
about 86 pM, which could be due to a higher nitric oxide
production (Lorente et al. 2020).

3.4 Performance analysis of inclined jagged
micromixer with natural saliva samples

We used our pPAD on several accurate saliva samples from
at least five volunteers between 25 and 42 years for each
data point to validate nitrite detection in the inclined jag-
ged micromixer against an HPLC-UV method apart from
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Fig.9 Detection of nitrite in artificial saliva with different concentration ranges
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Table 3 Comparison of the nitrite detection result from inclined jag-
ged micromixer and UV-based method

Volunteers Jagged inclined micro- HPLC-UV Error
mixer (nitrite) (nitrite) (1%l)
(uM] (uM]

#1 33+2 33.9+0.2 5.6

#2 193 +15 182.8+0.2 5.6

#3 126 +9 121.1+0.2 4

#4 27+2 28.2+0.2 42

#5 44+3 42.5+0.2 35

their health status. (Table 3) shows the measurement results
and their comparison with the HPLC-UV method (Agi-
lent Infinity Series 1260-DAD). As demonstrated, nitrite
samples were in the range of 27 pM to 193 pM, and all the
tests were confirmed with less than 5% of deviation from
the clinical method for all candidates.

4 Conclusions

In this paper, nitrite detection was conducted on paper-
based micro-devices by the colorimetric method. To reach
better performances, the pPADs were first numerically
modeled and simulated to find the model with the opti-
mized geometric mixing efficiency, and their efficiency at
the next step was examined and verified experimentally.
Deliberate geometric irregularities improve the mixing effi-
ciency of nitrite content of saliva by almost 70%, resulting
in enhanced color signals for nitrite content quantifica-
tion. Modification of pPADs geometries showed that the
inclined jagged shape cuts the detection limit to 5.7 pM
without sacrificing the detection range from 5 to 1000 pM.
This method can be in a low resourceful setting due to
ease of fabrication (laser cutting) and relatively low cost
of chemicals.

Moreover, due to the microscopic dimensions of the
micromixer, the reaction time is concise, about 25 s. We
should only give it 7 min for drying and color stabilization;
thus, the overall process time and cost are much less than
conventional methods. Regarding the extensive application
of the mixing in passive paper-based microfluidic applica-
tions, the presented mixing enhancement methodology can
be employed for several reactions and detection of other
compounds.
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